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Abstract
Solid-state NMR (SSNMR) has gained importance as a versatile tool to elucidate the
structure and function of many chemical and biological molecules. In this thesis, we have
used SSNMR to study the interactions of an antimicrobial peptide (AMP), Protegrin-1 (PG-
1) with membranes of varying lipid composition. Based on our studies we have proposed a
model for the mechanism of action of PG-1 with two different lipid membranes. PG-1 is a
disulfide-linked -sheet peptide with broad-spectrum antimicrobial activities. Similar to
many AMPs, it selectively disrupts the anionic membranes of microbial cells but leaves the
cholesterol-rich zwitterionic mammalian cell membranes intact.
Studying the origin of membrane selectivity and elucidating the quaternary structure
of PG-1 and its dependence on the lipid environment is important for understanding its
structure-function relation. 31P spectra of oriented lipid bilayers are a very good indicator of
the membrane order and we have used this feature to explain the origin of membrane
selectivity of PG-1. We have found that the presence of anionic lipids facilitates PG-1
disruption while the presence of cholesterol protects the membrane from PG-1 activity.
Rotation-echo double-resonance (REDOR) is a well-established technique to determine
heteronuclear distances in solids. We have used 1H{13C} and 13C{19F} REDOR to determine
the intermolecular packing of PG-1. Measured intermolecular distances show that PG-1
hairpins pack in a parallel fashion in POPC membranes, with the C-terminal strands facing
each other.
To investigate whether oligomerization underlies the membrane selectivity, we have
determined the oligomeric state of PG-1 and measured its depth of insertion in the anionic
and zwitterionic lipid membranes using centerband-only detection of exchange (CODEX)
and 1H spin diffusion techniques. 19F CODEX experiments indicate that PG-1 exists as
(NCCN)n multimers in both the lipid membranes. 
1H spin diffusion experiment shows that
these PG-1 multimers are membrane inserted in bacterial-mimetic membranes while in
mammalian-mimetic systems they are surface bound. Results obtained from CODEX and
spin diffusion experiments suggest that whereas PG-1 forms transmembrane pore in anionic
membranes, it exists as beta-sheet on the membrane surface in cholesterol-containing
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membranes. Thus the oligomeric structure and depth of insertion differ with membrane
composition and this helps to explain the basis of selectivity exhibited by PG-1.
Antimicrobial activity of the AMPs depend on various factors such as charge,
amphipathicity and conformation of the peptide. Understanding the structure-function
relationship of these AMPs is essential to develop a potent antibiotic that is capable of
destroying bacterial cells without affecting the host cell membranes. These mutations can
change the conformation and other important features which results in altering the
membranolytic property of the peptide. The disulfide bonds are known to be important for
the antimicrobial activity of PG-1 but the underlying structural reasons are not well
understood. We have used SSNMR techniques to study the membrane-bound conformation,
dynamics and topology of a disulfide-deleted analog of PG-1 where the Cys residues are
replaced by Ala.
Multiple residues were uniformly 13C labeled to measure their chemical shifts, which
are excellent indicators of protein conformation. 1D and 2D correlation experiments were
conducted to obtain the 13C resonance assignments. The secondary structure of disulfide-
deleted PG-1 (Ala-PG1) is a random coil in solution while in the membrane-bound state it
exhibits two conformations: a highly mobile random coil and a rigid beta-sheet structure. 1H
spin diffusion experiments show that the beta-sheet form of Ala-PG1 inserts into the anionic
lipid bilayer while it is surface bound in cholesterol-containing lipid bilayers. The removal of
disulfide bonds results in a fraction of the molecule existing as random coils that are loosely
bound to the membrane while others retain the beta-sheet form and have similar membrane
binding topology as the wild type PG-1. The reduced potency of Ala-PG1 can therefore be
attributed to the decrease in the membrane active membrane inserted beta-sheet form of the
peptide. Thus using SSNMR we have investigated the peptide-lipid interactions of PG-1 and
its mutant and have correlated its structure function abilities.
1Chapter 1
Introduction
1.1 Nuclear Magnetic Resonance (NMR) Spectroscopy
Nuclear magnetic resonance (NMR) in general is a powerful analytical technique that
is widely used for structure elucidation of chemical and biological systems. NMR finds a
wide range of application in the analysis and characterization of organic and inorganic
molecules, polymers and biological molecules.
“By always thinking unto them, I keep the subject constantly before me
and wait till the first dawnings open little by little into the full light.”
These were the words of Sir Issac Newton on how he made discoveries and this holds
true for all the greatest inventions made by mankind: NMR is no exception. NMR as we
know it today had its humble beginnings in the early 1900’s when physicists proposed
quantum theory to explain a number of phenomena that were beyond the framework of
classical mechanics. One of the earliest experiments that confirmed the basis of quantum
mechanics came from Stern and Gerlach’s atomic and molecular beam experiment (1, 2).
Uhlenbeck and Goudsmit introduced the concept that a spinning electron with an associated
angular momentum gives rise to a magnetic dipole moment and this forms the basis of
magnetic resonance (3). Rabi and his colleagues refined the molecular beam experiments and
they were the first to report the nuclear magnetic resonance phenomenon using a LiCl beam
(4). This discovery of magnetic resonance by Rabi in the late 1930’s laid the foundation for
modern day NMR spectroscopy.
In 1945 Purcell et al (5) and Bloch et al (6) independently built instruments to detect
transitions that occur between nuclear magnetic energy levels using radio frequency methods.
These were the first efforts taken towards building the NMR instruments that are in use
today. Another major development in NMR was the introduction of pulsed NMR by Torrey
(7) and its further development by Hahn (8), which led to the use of short rf pulses and the
observation of NMR signals by free induction decay (FID). It was not long before the first
commercial high-resolution NMR was introduced by Varian in 1952 (9) and from then on
2NMR has grown by leaps and bounds. In the early days of NMR, continuous wave (CW)
methods were used for detection and the sensitivity was poor. In the 1970’s Ernst developed
the Fourier Transform methods that enhanced the sensitivity of NMR experiments to a large
extent (10). Two-dimensional and multi-dimensional experiments were developed which
offered better resolution and more information than the 1D experiments (11, 12).
Three important areas that have developed on the basis of magnetic resonance are:
Solution NMR, solid-state NMR and magnetic resonance imaging (MRI). Solution NMR has
been in use since the early years and it is now a very well established technique for structural
characterization and for studying the dynamics of biochemical systems. Isotropic tumbling in
solutions gives rise to narrow lines and well-resolved spectra. Solid-state NMR (SSNMR)
techniques were developed in 1970’s and 1980’s to study bulk materials, polymers and
insoluble biochemical systems. The first SSNMR spectra were taken under static condition
where sensitivity and resolution were poor. To improve these aspects magic angle spinning
(MAS) techniques were introduced (13, 14). Development of multidimensional techniques
paved the way for obtaining spectra with higher resolution. Experimental techniques that
selectively recouple spin interactions such as dipolar couplings and chemical shift anisotropy
(CSA) were developed to study the structure and dynamics of molecules. MRI is another
method that is based on the same principle as NMR and is widely used to map an object by
using the relaxation time of protons from water and by using spatial magnetic field gradients.
It has gained importance as a non-invasive diagnostic tool in medicine to obtain the images
of tissues in the human body.
1.2 Key Interactions in NMR
NMR in general makes use of the inherent magnetic property of the nuclei to obtain
chemical, physical and biological information of a system. The fundamental principle of
NMR is based on quantum mechanics theory and a few important interactions in NMR are
described in the following section.
Zeeman Interaction
The atomic nuclei have quantized spin angular momentum ( 

I ), given by
3 

I2 = I(I +1) (1.1)
The spin angular momentum I, can take integer or half-integer values for a given system. The
magnetic momentum µ associated with the spin is given as
 

µ =  I (1.2)
where  is the gyromagnetic ratio, which is characteristic of each nucleus. The Zeeman
interaction, which is usually the strongest interaction experienced by the nucleus, can be
written as
 
Hˆ0 =  

I  B0 =  IzB0 (1.3)
When placed in a magnetic field of strength B0, the energy associated with the interaction of
the nuclei with the magnetic field can be given as
 
E =  µ  B0 = 

I  B0 (1.4)
The frequency associated with the precession of a spin around the magnetic field is given as

0
 = -B0 (1.5)
Chemical Shielding and Chemical Shift Anisotropy (CSA)
Though the Zeeman interaction is the dominant interaction, it does not contain any
useful structural information. Interactions such as chemical shift, dipolar and scalar couplings
are of interest to spectroscopist because these interactions provide important information on
chemical and spatial structures. When a nucleus is placed in the magnetic field, the
movement of electrons around it produces a local magnetic field that partially shields the B0
magnetic field from the nuclear spin. This interaction is termed the chemical shielding. The
extent of shielding depends on the electron density and is proportional to the magnetic field
B0. The Hamiltonian for this interaction can be written as:
 
HˆCS = 
ˆ
I B0 =  ( Iˆ x xxLF + Iˆ y yyLF + Iˆ z zzLF )B0 (1.6)
where  is the chemical shielding tensor. Chemical shielding is weak compared to the
Zeeman interaction and hence the truncated chemical shift Hamiltonian in the laboratory
frame (LF) can be written as
4HˆCS =  Iˆ z zzLFB0 (1.7)
Angular dependency or anisotropy of NMR interactions is a significant feature of solid-state
NMR. Molecular orientations and segmental reorientations can be measured using the
chemical shift anisotropies. Using equations (1.3), (1.5) and (1.7), the total Hamiltonian can
be written as
Hˆ0 + HˆCS =0 (1  zzLF )Iˆ z (1.8)
Then the precession frequency cs of the magnetization can be written as
CS = 0 zzLF (1.9)
The laboratory frame (LF) zz tensor component depends on the orientation of the spin
relative to 
 

B0 . In the principal axis system (PAS) where chemical shielding tensor is
diagonalized, giving elements xxPAS, yyPAS and zzPAS, we can define the polar coordinates (,
) of the principal axes xxPAS, yyPAS and zzPAS with respect to B0. Then cs can be written as,
CS =0 ( xx (cos sin)2 + yy (sin sin)2 + zz (cos)2 ) (1.10)
The isotropic chemical shift is the average of the three elements
 iso = 13( xx + yy + zz ) (1.11)
The asymmetry parameter,  and anisotropy parameter, , are defined as
 =  yy   xx zz   iso (1.12)
CS =  zz   iso (1.13)
Using  and  , equation (1.10) can be written as
CS (,) = iso + 12CS (3cos
2 1sin 2 cos2) (1.14)
The above equation gives the orientation dependent chemical shift frequency. In solution
NMR the anisotropic interactions are averaged out by fast isotropic motion resulting in
sharper lines and higher resolution. But in solid-state NMR the presence of all possible
orientations results in an inhomogenously broadened lineshape called a powder pattern. This
5results in poor site resolution and sensitivity, although information regarding the molecular
orientations can be extracted.
Dipolar and Scalar Coupling
Nuclear spins interact through space giving rise to dipolar couplings. The
Hamiltonian for dipolar interaction between spins can be written as
 
HˆD =  µ04 j ,k  j k
3(
ˆ
I j  rjk / rjk )(
ˆ
I k  rjk / rjk ) 
ˆ
I j  ˆI k
(rjk )
3
= 
j ,k
ˆ
I jD jk
ˆ
I k (1.16)
where 
 

rjk is the internuclear distance between spins j and k. Dipolar interactions can be either
homonuclear or heteronuclear and the Hamiltonian for these two interactions can be written
as
 
Hˆ IID =  µ04 
 2
r3
1
2
(3cos2 1)(3Iˆ z Jˆz 
ˆ
I  ˆJ ) (1.17)
 
Hˆ SID =  µ04 
 I S
r3
1
2
(3cos2 1)2 Iˆ z Jˆz (1.18)
The dipolar coupling strength can be calculated using
 
d ,12 = µ04 
 1 2
(r1,2 )
3
= 2 *120kHz *  1 1H
 2
 1H
1
(r1,2 / 1Å)
3
(1.19)
For a 13C-1H spin pair at 13C / 1 = 1/4, and a C-H bond distance of 1.1 Å, d, CH/2 = 23
kHz.
Scalar couplings arise due to the interactions between directly bonded spins mediated
by the bonding electrons. Scalar couplings or J-couplings are much smaller than dipolar
couplings and they are usually a few tens of Hertz or less. The J-coupling strength is
measured by nJab where n is the number of covalent bonds separating the two nuclei, a and b.
The J-coupling Hamiltonian can be written as
H = 2 JIS I S (1.20)
where JIS is the scalar coupling constant between I and S spins. Scalar coupling is observable
and a very important interaction in solution NMR while in solid-state NMR it is too weak
6and is usually masked by the dominant dipolar and chemical shift interactions. Hence J-
coupling based techniques are seldom used in SSNMR.
Magic Angle Spinning (MAS)
To overcome the poor spectral resolution arising from the anisotropy of chemical
shifts in SSNMR, magic angle spinning was introduced in 1960’s (13-15). In this method, the
sample is spun about an axis that makes an angle of 54.74º with the 
 

B0  field. The anisotropic
interactions are averaged out if the spinning is faster than the largest coupling involved.
Under fast magic angle spinning the frequency  (, ) can be given as
 (,) = iso +aniso(,) 12 (3cos
2 1) (1.21)
aniso(,) = cs 12 (3cos
2 1sin2 cos(2))         (1.22)
When  is at 54.74º, the magic angle, 1
2
(3cos 2 1) = 0 and hence aniso vanishes, giving
rise to only the isotropic frequency. Often the MAS speed is insufficient to average out the
anisotropies yet a reasonable resolution can be obtained due to the splitting of the CSA to
spinning sidebands. Averaging out anisotropy results in the loss of information about
molecular orientation and dynamics. In order to overcome this drawback multidimensional
NMR techniques can be used where the powder pattern can be encoded in the indirect
dimension while the direct dimension gives the well-resolved isotropic chemical shifts.
1.3 Biological Applications of Solid-State NMR
NMR is a non-invasive technique that has gained importance in the fields of biology,
chemistry and material sciences. One of the most significant features of NMR is that the
samples can be probed in biologically relevant environments. Significant developments have
been carried out to determine the secondary and tertiary structure and function of small
proteins and peptides as well as large globular proteins. SSNMR is widely used in the study
of membrane proteins that are hard to study using solution NMR techniques due to the lack
of solubility. Use of isotopic labeling and MAS techniques have made high-resolution NMR
7feasible in the solid state and this has been used to study the structure, dynamics and
functions of membrane-bound proteins, protein complexes and protein fibrils, etc.
Secondary Structure Determination
Chemical shift is one of the most direct and sensitive probes to study the molecular
structure (16-18). This property has been well exploited in the field of molecular biology to
determine the secondary structure of proteins and peptides in bound or unbound state and
amyloid fibrils (19, 20). 1H, 13C, 15N isotopic chemical shifts are well-established indicators
of protein conformation (21). Experiments as simple as direct polarization where the
magnetization starts from the detected nuclei or cross-polarization where proton
magnetization is transferred to the detected nuclei can be used to obtain the resonance
assignments. Depending on the difference of the chemical shift from the random coil value
(22), the secondary structure can be determined. For example, negative C secondary shifts
and positive C secondary shifts indicate sheet conformation.
2D correlation experiments using dipolar-coupling based polarization transfer have
been used to obtain the resonance assignments of unoriented protein and peptides (23, 24).
Proton-driven spin diffusion (PDSD) is one such correlation technique that utilizes dipolar
couplings to obtain resonance assignments (25). Homonuclear correlations are obtained by
using 2D PDSD, where 13C chemical shift is encoded in the indirect dimension and proton-
driven spin diffusion occurs during the mixing time when the 1H decoupling is turned off.
Spin diffusion occurs between sites with different isotropic chemical shifts thereby giving
rise to cross-peaks. In very mobile systems dipolar couplings are averaged due to motion and
hence correlation experiments using the through-space dipolar coupling do not work very
well. In such cases the utility of J-coupling or the scalar coupling is significant. As
mentioned earlier, the J-couplings are very small, on the order of a few tens of hertz.
However, this is unaffected by magic-angle spinning because of its isotropic nature. Hence
pulse sequences that utilize the scalar couplings for polarization transfer have been designed
in SSNMR (26, 27).
Correlation experiments used in solution state have been modified and used in solid-
state NMR. Some of the correlation sequences like TOCSY (28) and INADEQUATE (29-31)
8techniques have been modified to suit SSNMR measurements. Mueller et al recently
developed a J-coupling based correlation technique under MAS. In uniform-sign cross-peak
double-quantum filtered correlation spectroscopy (UC2QF COSY) magnetization transfer
occurs via scalar coupling while the isotropic chemical shift is refocused (27). A double-
quantum filter removes the unwanted linear spin operators and zero-quantum components. A
constant-time version known as constant-time uniform-sign cross-peak COSY (CTUC-
COSY) was developed to improve the sensitivity of the cross peak (32). In our work, we
have used this COSY-based pulse sequence to obtain the resonance assignment for the
alanine mutant of PG-1 containing uniformly labeled amino acid residues.
Dynamics
Proteins and peptides undergo motion that may range from a few picoseconds to a
few seconds. Depending on the type of motion various SSNMR techniques have been
developed to study each type of motion. To study dynamic processes whose correlation times
range between 10-3 and 10 seconds, multidimensional exchange NMR with mixing times
between a few millisecond and a few seconds can be used (33). Center-band only detection
of exchange (CODEX) is another type of exchange experiment that can probe slow
molecular motion (34).
For motions that are faster than the millisecond timescale, 2D dipolar and chemical
shift (DIPSHIFT) correlation experiments can be used (35, 36). C-H and N-H dipolar
coupling measurements are routinely used to determine the order parameter of protein
residues. The dipolar coupling evolution occurs in the indirect 1 dimension while the
chemical shift resolution is obtained in the direct dimension. During t1 evolution,
homonuclear coupling must be removed and this is achieved by using MREV-8 (37, 38),
FSLG or other homonuclear decoupling sequences.
Relaxation times are a good indicator of the rates of motion in proteins. There are
three types of relaxation in NMR: Spin-lattice relaxation (T1 relaxation), spin-spin relaxation
(T2 relaxation), rotating frame spin-lattice relaxation (T1p). As mentioned earlier, CP selects
rigid components while DP selects mobile components. T2 relaxation times measured under
CP and DP can be used to determine the dynamic heterogeneity of the peptide or protein. If
9the ratio of T2
CP/T2
DP approaches unity, then the system is dynamically homogenous while
any reduction in this ratio indicates heterogeneity.
Distance Measurements
Intra- and intermolecular distance measurement is widely used in biological NMR to
elucidate the structure of proteins and peptides. The rotational-echo double-resonance
(REDOR) technique is commonly used to measure heteronuclear distances under MAS (39).
Heteronuclear dipolar coupling is recoupled under MAS by using -pulses applied every half
a rotor period. The dipolar coupling strength is inversely proportional to r3. The normalized
dephasing (S/S0) is plotted as a function of mixing time and distances can be extracted from
the S/S0 curve. In addition to the distance, dipolar coupling strength also depends on the
gyromagnetic ratio of the nuclei under consideration. Hence depending on the spin pair under
consideration the distance range that can be probed differs greatly. For 13C-15N spin pairs, the
longest distance that can be measured is ~ 5 Å while for 13C-19F the longest distance
measured is around 9 Å. In our group we developed a new technique where instead of using
15N which has a low gyromagnetic ratio, amide proton was used to obtain the distances.
1HN{13C} REDOR is used to measure C-HN distances (40, 41). The basic principle is the same
as the conventional REDOR except that 1H homonuclear decoupling sequences must be used
during the 1H-13C dipolar coupling evolution to suppress 1H-1H couplings. Then the 1H
magnetization is selectively transferred to 15N for detection using LG-CP.
Spin diffusion experiments can also be used for distance measurements. CODEX and
13C-detected 1H spin diffusion are based on the transfer of magnetization between spins and
the rate at which the magnetization is transferred indicates the proximity or the distance of
the spins under consideration. In the CODEX experiment, rotor-synchronized -pulse trains
recouple the orientation-dependent anisotropic chemical shift before and after the spin
diffusion mixing time. At long mixing times, the intensity dephases to 1/n where n is the
number of orientationally inequivalent molecules. Analysis of the decay curve gives the
distance information as the distance-dependent homonuclear dipolar coupling drives the
dephasing of magnetization. Quantitative distances can be extracted from this decay curve by
10
numerical simulation (42). This technique has been applied to determine the oligomeric
number and intermolecular distance of the transmembrane M2 peptide in lipid bilayers (42).
Depth of insertion of peptides and proteins in lipid bilayers can be determined by 2D
13C-detected 1H spin diffusion experiments. 1H chemical shift is encoded in the 1 dimension
and the magnetization is allowed to diffuse from the mobile component (lipids and water) to
the rigid component (peptide/protein) (43). The cross-peak intensity is plotted as a function
of time and analysis of this curve gives semi-quantitative distances between the two
components. A Fortran program was used to simulate the spin diffusion curves and the
program was based on the 1D lattice model.
1.4 Introduction to Antimicrobial Peptides (AMPs)
Types and Significance of AMPs
Antimicrobial peptides (AMPs) are a part of the innate immune system of many
plants and animals. They are potent against a wide range of microbes (44). AMPs are
generally 12-40 amino acid residues long and are mostly cationic and amphipathic. Based on
their structure AMPs can be categorized as -sheet, -helical, loop and extended peptides. A
few of them are unstructured in native form and adopt a conformation upon binding to the
membrane (45), AMPs such as cecropin derived from silk moth (46, 47) and magainin (48)
derived from African clawed frog adopt a helical conformation only in the membrane bound
state, while peptides such as defensins (49) and protegrins (50) adopt -sheet conformation
even in the native state due to the presence of intramolecular disulfide bonds.
AMPs are gaining importance as models for resistance-free antibiotic that can be used
in situations where conventional antibiotics are rendered ineffective due to the increased
incidence of antibiotic-resistant microbes. Moreover these peptides can destroy the microbial
cells within a few minutes thereby making it a very effective antibiotic. Peptides like nisin
and IB-367 (derived from protegrin) have undergone clinical trials successfully and are being
used for commercial purposes (51, 52). In spite of the advances in developing AMPs as a
clinically viable drug, the mode of action of these peptides with the lipid membranes is not
fully understood.
11
Mechanism of Action of AMPs
Early studies carried out to elucidate the mechanism of action of AMPs suggest a
non-receptor type interaction with the microbial membranes (53, 54). Unlike the
conventional antibiotics that target specific receptors, AMPs damage the cell wall of the
microbial membranes and hence the activity is mostly unchanged using either D- or L-amino
acids. The first step towards membrane destruction is the electrostatic interaction between the
cationic peptides and the anionic lipid membranes. A number of studies have shown
correlation between the charge and membrane binding ability that supports this theory (55,
56). In addition to charge, structural parameters such as conformation, hydrophobicity and
amphipathicity of the peptide also play an important role in governing the potency and the
mechanism of action of these peptides (57).
Many models have been proposed in the literature on the mechanism of action of
AMPs in lipid bilayers. The three most significant models are the barrel-stave model, the
toroidal pore model and the carpet model. In the barrel-stave model, the peptides first bind to
the membrane surface and after a certain threshold concentration they aggregate. The peptide
then inserts into the lipid bilayer forming transmembrane pores. This model was proposed
based on the neutron scattering and single channel conductance studies carried out on
alamethicin in lipid bilayers (58). The toroidal pore model was suggested based on the
studies on magainin where the peptide interacts with the lipid membranes by inducing a
torus-shaped transmembrane pore (59, 60). The main difference between the barrel-stave and
the toroidal pore models is that in the latter model the lipids merge the two leaflets of the
membrane to form a pore. In the carpet model, a large amount of peptide aggregates on the
surface of the membrane that leads to membrane thinning and eventual micellization of the
membrane (61).
Protegrins and other -hairpin AMPs
Protegrin-1 (PG-1) is an 18-residue -hairpin AMP derived from porcine leukocytes.
It is highly cationic containing 6+ charges from the Arg residues and two disulfide bonds
from Cys residues. PG-1 is active against Gram-positive bacteria, Gram-negative bacteria,
fungi (62) and HIV-1 (63). PG-1 is amphipathic with the positive charges concentrated at
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two ends of the peptide while the hydrophobic residues can be found in the middle region. In
solution, PG-1 exists as an anti-parallel -sheet where the two strands are constrained by
disulfide bonds and connected by a -turn (50, 64). Solution NMR studies of PG-1 in DPC
micelles show that PG-1 exists as anti-parallel NCCN dimers (65). In contrast, we find that a
membrane-bound PG-1 exists as parallel NCCN dimers (see Chapter 4).
PG-1 resembles two other types of cationic cysteine-rich AMPs, defensins and
tachyplesins. Tachyplesin (TP-1) is an AMP derived from the hemocytes of horseshoe crab
(66) whose structure is similar to that of PG-1. TP-1 adopts an antiparallel -sheet
conformation with a turn in both aqueous (67, 68) and membrane-bound state (69). Other -
sheet peptides that resemble PG-1 in its activity and structure are rhesus -defensin (RTD-1)
and retrocyclin-2. Both are circular peptides, rich in cationic Arg residues and the charges are
distributed throughout the peptide. They are broad-range antibiotics similar to PG-1 except
that RTD-1 is non-hemolytic while PG-1 is mildly hemolytic (70).
1.5 Peptide-Lipid Interactions
Structure, distribution of charge and presence of disulfide bonds determine the
antimicrobial activity of these peptides. Even though most of the AMPs are cationic, the
differences in charge distribution makes their activity very different. Hence structure-activity
relationship (SAR) studies have been carried out to gain better insight on the influence of
structure on the activity. Protegrin is one of the most extensively studied AMPs and various
SAR studies have been carried out to develop a commercially viable antibiotic (71). One
other factor that influences the activity of the AMPs is the interaction of the peptide with
membranes. Understanding the location of the peptide and its oligomeric structure in lipid
membranes is very important to elucidate the mode of action of the AMPs in different
organisms. Studies correlating the structure, function and mechanism of action of the AMPs
help to gain a better insight for developing antibiotics that are specific towards the microbial
cells.
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Membrane Selectivity
Membrane selectivity is an important aspect that helps to make the peptide active
towards microbes and less harmful to the host cells. The first step towards membrane
disruption is the electrostatic attraction of the peptide to the target cells. Cell membranes in
both prokaryotic and eukaryotic organisms are made of phospholipids, but their specific lipid
composition vary widely. For example, bacterial cell membranes are rich in anionic
phospholipids (72) while mammalian cell membranes are mostly neutral and contain sterols
such as cholesterol (73, 74). This difference in composition leads to difference in activity of
AMPs in different systems.
Minimum inhibitory concentrations (MICs) obtained from biological assays indicate
that PG-1 is active against various bacteria and fungi and the MICs range from 0.3 – 3 µM.
The hemolytic activity is measured as the peptide concentration required for 50% hemolysis
(EC50) and PG-1 has a value of 80.5 µM (70). Interactions of PG-1 with lipid membranes
have been studied using various biophysical techniques such as insertion assay, surface x-ray
scattering and epifluorescence microscopy (75). These studies observed that PG-1 inserts into
anionic lipid membranes more than it does in zwitterionic lipids (75). SSNMR 31P lineshapes
of lipid membrane containing PG-1 indicate that the interaction of PG-1 is dependent on the
membrane composition (76, 77).
Depth of Insertion
The depth of insertion of a peptide in the lipid membrane is another important aspect
that is very useful in understanding the mechanism of action of peptides. For the three
models discussed earlier, the barrel-stave and the toroidal pore models require the peptide to
be transmembrane while the carpet model requires a surface bound peptide. Hence
information on the depth of insertion and orientation of the peptide is essential for elucidating
the mechanism of action. Huang proposed the two-state model for the interaction of peptide
with lipid bilayers using oriented circular dichroism (OCD) measurements (78). Studies
carried out on alamethicin, a helical peptide (59) and PG-1, a -sheet peptide (79) show that
at low concentrations the peptide exists on the surface of the membrane (S state) and beyond
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a threshold concentration the peptide inserts into the membrane (I state). Antimicrobial
action occurs when the peptide transitions from the S state to the I state.
In SSNMR, our group has used paramagnetic ions to determine the depth of insertion
of the PG-1 in lipid bilayers. This study indicated that PG-1 is completely inserted in
zwitterionic DLPC lipids with the hydrophobic residues placed close to the lipid chains (80).
Residues near the N-terminus and -turn lie close to the membrane surface while the residues
in the middle part of PG-1 lies in the hydrophobic acyl chain region of the bilayer. Spin
diffusion techniques have been found to be very useful in studying the topology of the
peptides in lipid bilayers. 1H spin diffusion indicates that PG-1 is in close contact with both
the surface and the hydrophobic part of lipid bilayers. This strongly suggests a
transmembrane orientation of PG-1 in POPC bilayers (77).
Oligomeric Structure
Aggregation is an important step that leads to membrane disruption and all the
models proposed to explain the mechanism of action of AMPs have aggregation as a
common step. Hence understanding the nature of aggregation and the oligomeric structure of
the peptide in lipid membranes will lead to a better understanding of the interaction of the
peptide with lipid membranes. Solution NMR studies on PG-1 in DPC micelles suggest that
PG-1 forms antiparallel dimers and there exists a possibility of dimer association leading to
higher-order oligomers (65).
Neutron diffraction studies on membrane-bound PG-1 suggest the aggregation of the
peptide to form pores, however the exact oligomeric number and structure were not
determined. Previous studies conducted in our group using SSNMR indicate that aggregation
of PG-1 is membrane dependent. In short-chain DLPC lipid membranes, PG-1 is highly
mobile and the membrane order is maintained in the presence of PG-1 (76). But in long chain
POPC membranes, the peptide mobility is reduced and both CSA and dipolar coupling
measurements suggest a high degree of aggregation (77). Our group introduced the 19F spin
diffusion SSNMR technique to determine the oligomeric number and structure of membrane
bound peptides (81). This is one of the two methods available to determine the oligomeric
structure of peptide bound to lipid membranes. In POPC membranes PG-1 exists as NCCN
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dimers and this study was extended to PG-1 bound to anionic lipid membranes, which are
biologically more relevant.
In this work, we have used SSNMR techniques to understand how PG-1 interacts
with lipid membranes of differing composition. Using model membranes to mimic bacterial
and mammalian cells, we have studied the various aspects of peptide-lipid interactions such
as membrane selectivity, oligomeric structure, depth of insertion and have finally proposed
models for the interaction of PG-1 with membranes of differing compositions. We have also
studied PG-1 mutants to correlate the structure and activity of the peptides and have shown
that a well-inserted -sheet conformation is essential for the membranolytic activity.
1.6 Dissertation Organization
SSNMR studies conducted on membrane-bound -sheet antimicrobial peptide, PG-1
and its mutants are presented in this thesis. Chapter 2 explains the various sample preparation
methods that have been used for SSNMR studies. Procedures required to prepare oriented,
unoriented lipid samples and lipid membranes containing paramagnetic ions are explained.
Interaction of PG-1 with lipid membranes is described in detail in chapters 3, 4 and 5.
Chapter 3 illustrates the selectivity of PG-1 as seen using 31P lineshapes of oriented lipid
bilayers. We found that PG-1 disrupts anionic lipid membranes more than it does neutral
cholesterol-containing lipid membranes. Also the dynamic heterogeneity of PG-1 containing
membranes was studied using 13C T2 relaxation times. In chapter 4, the dimer structure of
PG-1 in POPC membranes is elucidated using the rotational-echo double-resonance
technique (REDOR). To further understand the mechanism of action of PG-1 in different
lipid membranes, the oligomeric structure and location of PG-1 were investigated in
mammalian-mimicking and bacterial-mimicking lipid membranes and this is described in
chapter 5.
Chapter 6 illustrates the interaction of two different mutants of PG-1 with different
lipid membranes. We have also used solution NMR to determine the secondary structure of
these mutants and have compared these with that of the wild type peptide. A linearized
mutant of PG-1 shows much less potency than the wild type, while the charge-reduced
mutant behaves very similar to the wild type. In order to understand the reduced potency of
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the linearized mutant, we examined the secondary structure and topology of the membrane-
bound peptide using 2D correlation and spin diffusion techniques and this is presented in
chapter 7.
A collaborative study of the sidechain conformation of M2 transmembrane peptide of
Influenza A virus conducted with a colleague, Wenbin Luo is described in chapter 8. We
have used 19F spin diffusion NMR to study the oligomeric state and the interhelical sidechain
distances of M2 in DMPC lipid bilayers under various conditions.
1.7 Copyright permission
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Chapter 2
Preparation of Membrane Samples
2.1 Introduction
An efficient and reliable sample preparation technique is very important to obtain
well-resolved and high-sensitivity SSNMR spectra. Most of the solution NMR sample
preparations involve a simple dissolution of the protein or peptide in a suitable solvent.
SSNMR is extremely useful in studying large globular proteins and membrane bound
proteins or peptides. A variety of methods for SSNMR sample preparation have been
developed and utilized to better understand the various structural and functional aspects of a
protein or peptide.
To enhance the sensitivity it is essential to use 13C or 15N isotopically labeled peptides
and proteins. The choice of the labels and the number of labeled sites should be considered
carefully. Too many labels can lead to spectral overlap and render the spectrum too
complicated for analysis while too little labeling may not be conducive to study the overall
structure of a protein. In our studies we have used uniformly 13C and 15N labeled amino acid
residues or a site-specific labeled amino acid residue. For studies involving membrane-bound
samples different methods of sample preparation methods have to be followed to give the
desired result. Some of the sample preparation techniques used in this study are described in
this chapter.
2.2 Preparation of Oriented Lipid Bilayers
Mechanically aligned phospholipid bilayers (1, 2) are used in SSNMR to study the
structure and orientation of membrane-bound proteins and peptides. Aligned samples offer
the advantage that the orientation of the peptide can be determined. In our work, we have
used aligned sample to study the membrane order of the lipid bilayer in the presence and
absence of antimicrobial peptides. Also sensitivity is much higher due to the uniform
orientation. However, preparation of an oriented sample is a very challenging task and it
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takes many trials to arrive at a procedure that gives the best result. The procedure used in our
lab for the preparation of oriented sample is described below.
1. Lipids and peptides are dissolved separately in chloroform or trifluoroethanol.
2. Lipid solution and the peptide solution are mixed well and dried using N2 gas.
3. Dried film is redissolved in chloroform/trifluoroethanol mixture containing 5-fold
excess of naphthalene with respect to lipids.
4. Drop equal amounts of the solution on 20 glass plates and the surface concentration
on each plate is about 0.01 – 0.02 mg/mm2.
5. The glass plates are then vacuum dried overnight to remove all the organic solvents.
6. 1 µL of water is added to each plate and left in the hydrating chamber for 3 days.
7. After complete hydration of the lipid film, the glass plates are stacked, wrapped in
plastic sheet and sealed in a parafilm bag.
2.3 Preparation of Unoriented Lipid Vesicles
Large unilamellar vesicles are a better representation of biological membranes and
lipid vesicles of specific sizes can be prepared by freeze-thaw methods, sonication or
extrusion methods. Biological membranes exist in the liquid-crystalline phase at ambient
temperature while synthetic lipids exist in the liquid-crystalline phase only at temperatures
above the phase transition temperature (Tm). Different methods for vesicle preparation and
characterizations are available in the literature (3, 4) and the choice of a particular method is
based on the specific experimental technique to be used. Choice of the solvent is also very
important and care must be taken to ensure that the solvent used is compatible with the lipid
system under consideration and also the peptide to be used. Aqueous method of vesicle
preparation is more biologically relevant as the peptide comes into contact with the lipids in
the liquid-crystalline state. Moreover, using the aqueous method has the advantage that any
salt associated with the peptide is removed in the supernatant during the ultracentrifugation
process. This technique is not recommended when the peptide under consideration has poor
binding efficiency. In such cases, we use a method that is a combination of both organic and
aqueous method where the lipid and peptide are mixed in the biologically relevant liquid
crystalline phase and then lyophilized and rehydrated. These methods are described below. If
26
using more than one lipid, the lipids are co-dissolved in chloroform, dried using N2 gas,
redissolved in cyclohexane and then lyophilized to ensure proper mixing.
Organic Method
1. Lipids and peptides are co-dissolved in chloroform/trifluoroethanol mixture and
then dried using N2 gas.
2. Lipid-peptide film is then redissolved in cyclohexane and lyophilized overnight.
3. The dry lipid-peptide mixture is then packed in a rotor and hydrated to 35% water.
Aqueous Method
1. Lipid mixture is dissolved in 2-3 mL of water and vortexed thoroughly until well
mixed.
2. Freeze-thaw the solution 5-7 times to break down large multilamellar vesicles.
3. The above solution is extruded using polycarbonate membrane filters (Avanti Polar
Lipids) of pore size 1 µm, 0.4 µm and 0.1 µm in that order. This procedure produces
uniform sized vesicles.
4. The peptide is dissolved in required amount of water and then added to the vesicle
solution.
5. The lipid-peptide mixture is allowed to stand for a few hours to ensure maximum
peptide binding.
6. This mixture is then ultracentrifuged at 150,000g for 3 hrs to form pellets.
7. The pellet is separated from the supernatant and packed in a rotor.
8. The amount of peptide bound to the lipid vesicle can be quantified using UV-Vis
absorption spectrometry (5, 6).
Modified Aqueous Method
Modified aqueous method follows the same procedure as in aqueous preparation until
step 5. After which the mixture is lyophilized overnight and the dried mixture is packed in a
rotor, hydrated to 35% water.
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2.4 Preparation of Unoriented Lipid Vesicles Containing Paramagnetic Ions
Paramagnetic ions such as Mn2+, Gd2+, Dy3+ have been used in both solution (7-9) and
solid-state NMR (10-12) to study the depth of insertion of a peptide in lipid bilayers.
Paramagnetic ions enhance the relaxation of nuclear spins, causing line broadening or peak
shift. The effect of paramagnetic ions on relaxation is distance dependent (7). Hence the
extent of line broadening or the decrease in intensity indicates the distance of the spin from
the paramagnetic site. Paramagnetic ions bind to the phosphate headgroup of the lipids and
so the nuclei close to the headgroups are affected by the paramagnetic effect much more than
those in the middle of the bilayer. This phenomenon is exploited to determine if a specific
peptide site is located closer to the membrane surface or farther away from the membrane
surface. For instance, if a peptide is surface bound and lies parallel to the membrane surface
then all the sites are significantly affected by the paramagnetic ion. In contrast, for a
transmembrane peptide the sites closer to the surface will feel the paramagnetic effect to a
large extent while the residues that are farther away will be much less affected.
Previous studies have been carried out in our group to determine the depth of
insertion of PG-1 in lipid bilayers using Mn2+ ions. In this study Mn2+ ion is bound to both
sides of the lipid bilayer. This does not affect the depth of insertion studies because the
peptide can insert itself from both sides. To study the “sidedness” of peptide insertion, a one-
sided Mn2+ bound membrane samples will be required. Such a study will help to understand
the peptide translocation phenomenon and will be useful to understand the mechanism of
interaction of the peptide with lipid membranes. An appropriate sample preparation
technique will be required to obtain such a sample. The procedure used for achieving one-
sided or two-sided Mn2+ bound sample is described below.
Two-sided Mn2+ bound membranes
1. Lipid mixture is dissolved in 2-3 mL of water and vortexed thoroughly until well
mixed.
2. Freeze-thaw the solution 5-7 times to break down large multilamellar vesicles.
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3. The above solution is extruded using polycarbonate membrane filters (Avanti Polar
Lipids) of pore size 1 µm, 0.4 µm and 0.1 µm in that order. This procedure produces
uniform sized vesicles.
4. The peptide is dissolved in required amount of water and then added to the vesicle
solution.
5. The lipid-peptide mixture is allowed to stand for a few hours to ensure maximum
peptide binding.
6. Required amount of Mn2+ solution is added to the above mixture.
7. This mixture is then ultracentrifuged at 150,000 g for 3 hrs to form pellets.
8. The pellet is then lyophilized and the dried powder is packed in a rotor and hydrated
to 35% water.
The lyophilization process in step 8 scrambles the Mn2+ and thus a two-sided Mn2+
bound lipid membrane is obtained.
One-sided Mn2+ bound membranes
1. Lipid mixture is dissolved in 2-3 mL of water and vortexed thoroughly until well
mixed.
2. Freeze-thaw the solution 5-7 times to break down large multilamellar vesicles.
3. The above solution is first extruded using polycarbonate membrane filters (Avanti
Polar Lipids) of pore size 1 µm, 0.4 µm and 0.1 µm in that order. This procedure
produces uniform sized vesicles.
4. The peptide is dissolved in required amount of water and then added to the vesicle
solution.
5. The lipid-peptide mixture is allowed to stand for a few hours to ensure proper
peptide binding.
6. Required amount of Mn2+ solution is added to the above mixture.
7. This mixture is then ultracentrifuged at 150,000 g for 3 hrs to form pellets.
8. The pellet is then packed in a rotor.
The sample preparation method described above ensures that Mn2+ binds to just the
outer surface of lipid bilayer. During this preparation care must be taken to ensure that the
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vesicles are unilamellar vesicles and vesicles do not undergo fusion after binding. Also after
Mn2+ binding the sample must always be maintained above the phase transition temperature
of the lipid used. If not the lipid vesicles may undergo freeze-thaw process and this may lead
to Mn2+ redistributing itself to both sides of the bilayer. All the experiments involving Mn2+
must be conducted well above the phase transition temperature. For Mn2+ bound
POPC/POPG membranes, all the experiments were conducted at 295 K.
Figure 2.1. 31P MAS spectra of POPC/POPG membranes without Mn2+ (a), with Mn2+ bound to only the outer
leaflet (b), with Mn2+ bound to both sides of the lipid bilayer (c) at 295 K. In the one-side Mn2+ bound
membrane, the 31P intensity dephases to 0.38 while for the two-side Mn2+ containing membrane the intensity is
completely dephased.
31P DP MAS spectra of one-side and two-side Mn2+ bound POPC/POPG bilayers are
shown in Fig 2.1. The intensity dephases to 40% of original intensity when Mn2+ is bound to
only the outside leaflet of the lipid bilayer (fig 2.1b). In contrast all the intensity is dephased
when Mn2+ is bound to both sides of the lipid bilayer (fig 2.1c).
Similar 13C DP MAS experiments on the one-side Mn2+ bound POPC/POPG bilayers
show that the nuclei closer to the headgroup such as , ,  dephase to 30% - 40% while the
acyl chains intensity is more than 85% of the control (Fig 2.2). These results indicate that
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Mn2+ binding can be controlled and it is possible to achieve one-sided and two-sided Mn2+
binding.
Figure 2.2. S/S0
 obtained from 13C MAS experiments on one-side Mn2+ bound POPC/POPG membranes is
plotted for all the lipid sites. Lipid headgroups which are close to the Mn2+ dephase to around 40% while the
acyl chains which are farther away from Mn2+ depahse to only around 80%.
2.5 Lipid Peak Assignments
Membrane composition
The biggest advantage of SSNMR is the ability to study a peptide or protein in its
biologically relevant state. However the use of real biological membrane is often complicated
and the sensitivity is extremely low. In order to overcome this obstacle, model system made
up of synthetic lipids are widely used.
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Figure 2.3. 1H (a), 13C (b) MAS spectra of POPC/POPG at 295 K. Acyl chains are identical in POPC and POPG
while the headgroups differ. POPG headgroups are shown in blue while POPC is shown in purple.
The simplest model system is made of a combination of two different lipids that can
mimic the membrane of interest. Bacterial cell membranes are composed of anionic lipids
(13) while cholesterol is specific to mammalian cell membranes (14-16). Hence membranes
composed of anionic lipids (POPC/POPG, POPE/POPG) mimic bacterial cells while
cholesterol-containing lipid composition (POPC/chol) mimic mammalian cell membranes. It
is important to understand the peak assignments of the lipids in order to unambiguously
assign the peptide peaks. 13C and 1H peak assignments for POPC/POPG are given below in
Figures 2.3a and 2.3b while 13C peak assignments for cholesterol are shown in Fig 2.4.
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Figure 2.4. 13C MAS spectra of POPC/cholesterol at 295K. Cholesterol peak assignments are shown in red and
POPC 13C sites are shown in black.
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Abstract
The interaction of a -hairpin antimicrobial peptide, protegrin-1 (PG-1), with various
lipid membranes is investigated by 31P, 2H, and 13C solid-state NMR. Mixed lipid bilayers
containing anionic lipids and cholesterol are used to mimic the bacterial and mammalian cell
membranes, respectively. 31P and 2H spectra of macroscopically oriented samples show that
PG-1 induces the formation of an isotropic phase in anionic bilayers containing
phosphatidylglycerol. 2D 31P exchange experiments indicate that these isotropic lipids are
significantly separate from the residual oriented lamellar bilayers, ruling out toroidal pores as
the cause for the isotropic signal. 1H spin diffusion experiments show that PG-1 is not
exclusively bound to the isotropic phase but is also present in the residual oriented lamellar
bilayers. This dynamic and morphological heterogeneity of the anionic membranes induced
by PG-1 is supported by the fact that 13C T2 relaxation times measured under cross
polarization and direct polarization conditions differ significantly. In contrast to the anionic
membrane, zwitterionic phosphatidylcholine (PC) membrane does not form an isotropic
phase in the presence of PG-1 but shows significant orientational disorder. The addition of
cholesterol to the PC bilayer significantly reduces this orientational disorder. The 13C T2
relaxation times of the PC lipids in the presence of both cholesterol and PG-1 suggest that the
peptide may decrease the dynamic heterogeneity of the cholesterol-containing membrane.
The observed selective interaction of PG-1 with different lipid membranes is consistent with
its biological function and may be caused by its strong cationic and amphipathic structure.
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Introduction
Antimicrobial peptides are potent microbicidal molecules produced by many plants,
amphibians, mammals and other organisms (1, 2). Most of these peptides kill microbial cells
by disrupting their cell membranes. One of the most intriguing aspects about antimicrobial
activity of peptides is their selective disruption of microbial cell membranes but relatively
moderate toxicity towards host cell membranes. Many studies on antimicrobial peptides have
been carried out to understand the cause for this selectivity. One hypothesis is that the highly
anionic lipids (~30 mol%) (3, 4) in the cytoplasmic membranes of bacterial and fungal cells
facilitate antimicrobial action by electrostatically attracting these cationic peptides to the
membrane. In contrast, the lack of negative charges in the eukaryotic membrane of higher
organisms combined with the high level of cholesterol (~50 mol%) (5, 6) may reduce the
binding and counter the effects of these peptides on the membrane. Indeed, charge- and
cholesterol-dependent antimicrobial activity has been observed for a number of peptides such
as magainins (7, 8), gramicidin S (9), tachyplesin (10), and cecropins (11), using both
activity assays and biophysical measurements such as fluorescence spectroscopy, NMR, and
differential scanning calorimetry.
Protegrin-1 (PG-1) is an 18-residue -hairpin peptide found in porcine leukocytes
(12). The peptide contains two disulfide bonds from its four Cys residues. These disulfide
bonds not only hold the two strands of the -hairpin together (13, 14) but are also crucial to
antimicrobial activity (15, 16). Similar to many antimicrobial peptides, PG-1 is highly
cationic, with six Arg residues at the N- and C- termini and at the -turn. This makes PG-1
an amphipathic molecule with a significant hydrophobic patch at the center. PG-1 kills
Gram-positive bacteria, Gram-negative bacteria and fungi (15, 17, 18), and has moderate
antiviral activity against HIV-1 (19). The minimal inhibitory concentrations (MIC) of PG-1
against various bacteria and fungi range from 0.1 – 3 µM (17, 18), while the PG-1
concentration that causes 50% hemolysis, EC50, is ~80 µM (18). Thus, PG-1 selects bacterial
membrane over eukaryotic membranes by one to two orders of magnitude.
Our recent solid-state NMR investigations showed that PG-1 interacts with
phosphatidylcholine (PC) lipids in a concentration- and chain-length dependent manner (20).
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Above 3% peptide, PG-1 causes strong orientational disorder of POPC membranes.
Motionally averaged chemical shift anisotropies and dipolar couplings indicate
unambiguously that PG-1 is uniaxially mobile in DLPC bilayers, which have 12 carbons in
the acyl chains, but immobilized in POPC bilayers, which have 16 – 18 carbons in the acyl
chains (21). In DLPC bilayers, PG-1 inserts fully into the membrane (22) with its -strand
axis tilted by ~55˚ from the bilayer normal (20).
While these NMR studies provided useful insight into the membrane requirement for
PG-1 insertion and the depth and orientation of the inserted peptide, they did not address the
origin for the selective membrane disruption by PG-1. On the other hand, measurement of the
activities of PG-1 towards various organisms (16, 18) did not give insight into the molecular
mechanism of interaction of PG-1 with lipids and cholesterol.
To bridge the gap between the activity studies and the structural studies of PG-1 and
better understand the origin of PG-1’s membrane selectivity, we have undertaken an NMR
investigation of the interaction of PG-1 with membranes of varying lipid compositions.
Solid-state NMR is a powerful spectroscopic tool for determining the structure and dynamics
of membranes in the presence of peptides. 31P, 13C, and 2H NMR probes both the headgroup
and the hydrophobic interior of lipid bilayers. Information on the dynamic and static disorder
and the morphology of the lipid membrane can be readily obtained from the anisotropic
lineshapes of the NMR spectra. Specifically, here we investigate how the addition of anionic
phosphatidylglycerol lipids and neutral cholesterol to POPC bilayers affect PG-1’s
interaction with the membrane. By using macroscopically oriented membranes, which have
much better resolved 31P peaks than unoriented powder samples, we readily identify and
distinguish lipid domains with different mobilities and morphologies. 2H NMR of chain-
perdeuterated lipids provides complementary information on the dynamic disorder of the
hydrophobic core of the bilayer that may be induced by PG-1. Qualitative information on the
distribution of PG-1 among the different lipid morphologies is obtained using 1H spin
diffusion. Finally, we investigate the dynamic heterogeneity of the membranes in the absence
and presence of PG-1 using differential 13C T2 relaxation times between cross polarization
(CP) and direct polarization (DP) conditions.
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Materials and Methods
Materials
All lipids were purchased from Avanti Polar Lipids (Alabaster, AL) and used without
further purification. These include 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphatidylcholine
(POPC), 1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC-d31) ,  1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG), 1-palmitoyl-d31-2-oleoyl-sn-
glycero-3-phosphatidylglycerol (POPG-d31) (custom synthesis) and cholesterol. PG-1 was
synthesized according to previously published procedures (20). Trifluoroethanol (TFE),
chloroform and cyclohexane were obtained from Aldrich Chemicals (Milwaukee, WI). Glass
cover slides of ~80µm thickness were obtained from Marienfeld Laboratory Glassware and
cut to 6mm x 12mm rectangles.
Sample Preparation
Glass-plate oriented membrane mixtures were prepared using a naphthalene-
incorporated procedure described recently (23). The peptide was dissolved in TFE and mixed
with a chloroform solution of the desired lipids. The mixture was dried under a stream of N2
gas and the dried film was redissolved in a 2:1 mixture of chloroform/TFE containing a five-
fold excess of naphthalene with respect to the lipids. The solution was deposited on 20 glass
plates at a surface concentration of 0.01 – 0.02 mg/mm2, air-dried for 2 hours and then
vacuum dried for 5 hours to remove all solvents and naphthalene. About 1 µL of water was
added directly to each glass plate, then the sample was hydrated indirectly at a relative
humidity of 95% over a saturated solution of Na2HPO4 for two to three days at room
temperature. The glass plates were stacked, wrapped in parafilm and sealed in a polyethylene
bag to prevent dehydration. For 2H NMR experiments, about 3 mg of sn-2 chain
perdeuterated POPC and/or POPG were mixed with the corresponding protonated lipids.
Unoriented membrane samples for MAS experiments were prepared by codissolving
PG-1 and the lipids in TFE and chloroform solutions to achieve a peptide/lipid molar ratio
(P/L) of either 1:25 or 0. About 20 - 40 mg of lipid was dissolved in ~4 mL chloroform and
PG-1 was dissolved in ~1 mL TFE. The combined solution was dried under a stream of
nitrogen gas, the resulting film redissolved in ~4 mL cyclohexane, frozen in liquid nitrogen
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and lyophilized. The resulting dry peptide-lipid mixed powder was packed into 4-mm rotors
and hydrated to 35% water by weight. A Teflon spacer was used to center the sample in the
rotor to reduce radio-frequency field inhomogeneity.
Solid-state NMR
NMR experiments were carried out on a Bruker Avance DSX-400 spectrometer
(Karlsruhe, Germany) operating at a resonance frequency of 162.12 MHz for 31P, 100.72
MHz for 13C and 61.48 MHz for 2H.  A static double-resonance probe equipped with a
custom-designed rectangular coil was used for oriented-membrane experiments, while MAS
experiments were conducted on a 4-mm double-resonance probe with spinning speeds of 2.5
- 4kHz. The 31P chemical shift was referenced externally to 85% phosphoric acid at 0 ppm
and the 13C chemical shift was referenced to the -glycine carbonyl signal at 176.4ppm. The
31P spectra of oriented samples typically required 1000 scans of signal averaging, while
~4000 scans were coadded for both CP and DP 13C MAS spectra. For oriented membrane
samples tilted with the alignment axis at 90˚ from B0 (the POPC/POPG series), the 
31P
chemical shift was corrected for susceptibility effects (24). This was done by comparing the
1H chemical shift of water in a glass-plate oriented membrane sample at the 0˚ and 90˚
orientations. The 90˚ aligned sample showed an upfield shift of 4.8 ppm compared to the 0˚
aligned sample, while a control sample of pure water in a spherical volume showed no
difference in chemical shift between the two orientations. Thus, the 90˚-aligned 31P spectra
were corrected by adding 4.8 ppm to the nominal frequency. The corrected spectra show the
same 90˚ frequency position between the 0˚ and 90˚ alignment directions as expected.
2H spectra were acquired with the quadrupole echo sequence with a 0.5 s recycle
delay. 31P experiments were carried out using a recycle delay of 2 s. Typical pulse lengths
were 5 µs for 31P and 1H. 13C T2 relaxation times were measured using a Hahn echo sequence
( – 180˚ - ) following either a 13C 90˚ excitation pulse (direct polarization) or a 1H-13C cross
polarization (CP) step. The Hahn echo delay  ranged from 1 ms to 9 ms and is set to be an
integer multiple of the rotor period. To remove offset dependence of T2 relaxation, the 180˚
13C pulse was phase-cycled with respect to the excitation pulse or the 13C spin lock pulse
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using the EXOYCYCLE scheme (25). The decay of the echo intensities as a function of 2
was fit to a single exponential decay to yield the T2 value.
The 31P-detected 1H spin diffusion experiments were carried out using the pulse
sequence 1H 90º -  - 1H 180º -  - 1H 90º - tmix – 1H 90º - (1H, 31P) CP – 31P FID (see Figure
3.8a). This is the 1D version of the 2D spin diffusion experiments we introduced recently
(26). The 1H echo period (2) acts as a T2 filter to select the 1H magnetization of the mobile
lipids while suppressing the rigid peptide magnetization. The value of 2 ranged from 0 to 40
µs. The mixing time (tmix) during which 
1H spin diffusion occurs ranged from 5 ms to 100 ms.
Results
Interaction of PG-1 with zwitterionic and anionic membranes
 Figure 3.1 shows the 31P spectra of zwitterionic POPC bilayers with varying
concentrations of PG-1. Unless otherwise stated, the spectra were acquired with the glass
plate normal parallel to the external magnetic field B0. In the absence of the peptide (Figure
3.1a) the 31P spectrum shows a single 0º frequency peak at 30ppm with vanishing intensity
elsewhere, indicating that the lipids are well aligned. Although there is a slight powder
pattern, this is corrected for in the disorder calculation (vide infra). At 1.3% PG-1 the
intensities between -15ppm and 20ppm grow noticeably, indicating the onset of
orientational disorder. At 4% PG-1 the intensities from -15ppm to 20ppm dominate the
spectrum, indicating that the majority of the membrane has become unoriented. This broad
lineshape deviates significantly from the powder pattern of a randomly oriented sample,
suggesting that in addition to the orientational disorder, the lipid headgroup conformation
may have changed or the lipids may undergo intermediate timescale motion due to PG-1
binding.
To test whether cholesterol, which is present at ~50 mol% in mammalian cell
membranes but absent in bacterial membranes, protects the membrane against PG-1, we
prepared POPC/cholesterol (Chol) bilayers at a molar ratio of 1.2:1 and probed the effect of
PG-1 on the orientational order of the mixed membrane. Figure 3.2 shows the 31P spectra of
POPC/Chol bilayers with 0 – 4% PG-1 (calculated with respect to POPC). In the absence of
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PG-1, the bilayers are well oriented, exhibiting a single 31P peak at ~25 ppm. The addition of
PG-1 moderately increases the disorder: the intensities away from the 0˚-peak grow less
compared to the POPC membrane. At 4% PG-1 the disorder is manifested mainly as a 90˚-
frequency peak at -10ppm while the intensity near the isotropic shift (1 ppm) is much
weaker than the corresponding POPC spectrum (Figure 3.2d).
Figure 3.1. 31P spectra of oriented POPC lipids with varying molar concentrations of PG-1. (a) 0%. (b) 1.3%.
(c) 4%.
 Anionic POPC/POPG (3:1 molar ratio) bilayers were prepared to mimic the
bacterial cytoplasmic membrane. The 31P spectra of POPC/POPG with and without PG-1 are
shown in Figure 3.3. In addition to the general increase of powder intensities similar to those
seen for the zwitterionic membranes, a distinct peak at 1.5ppm grew with increasing PG-1
concentration. This peak is near the 31P isotropic chemical shift and has a full-width half
maximum of 1.6 kHz (~10ppm). This isotropic peak could have several origins. One is small
lipid vesicles or micelles that undergo isotropic tumbling and lateral diffusion on timescales
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moderately faster than the inverse of the 31P chemical shift anisotropy (CSA). Another
possibility is the formation of cubic-phase lipids (27). The third is toroidal pore defects
within the lamellar bilayer, where the lateral diffusion of the pore-lining lipids over the
curved surface reduces the 31P CSA. In this latter case, since the pore geometry is not
spherical, the 31P peak should be close to but not at the isotropic frequency.
Figure 3.2. 31P spectra of oriented POPC/cholesterol (1.2 : 1 molar) membrane with varying concentrations of
PG-1. (a) 0%. (b) 1%. (c) 2%. (d) 4%.
To confirm that the 1.5-ppm peak in the POPC/POPG spectrum with 4% PG-1 does
not have residual anisotropy, we measured the 31P spectra of the same samples rotated by 90º
so that the glass plate normal is perpendicular to B0. The spectra (Figure 3.3d-f) show the
same chemical shift of 1.5 ppm for the central peak, unchanged from the 0˚-aligned spectra.
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Therefore, the central peak cannot result from lipids in non-spherical toroidal pores but must
come from small vesicles or cubic-phase lipids as a result of fragmentation of the bilayer by
PG-1.
Figure 3.3. 31P spectra of oriented POPC/POPG (3:1 molar) lipids with (a, d) 0%, (b, e) 1%, and (c, f) 4% PG-
1. The alignment axis is alternately parallel (a-c) and perpendicular (d-f) to the external magnetic field. The
isotropic peak in (c) and (f) resonates at 1.5 ppm.
2H spectra of the sn-2-chain perdeuterated POPC in the POPC/POPG bilayers give
further information on the nature of disorder induced by PG-1. Figure 3.4a-c shows the 2H
spectra acquired at the 0º alignment direction. In the absence of PG-1 a characteristic
symmetric spectrum with multiple splittings was obtained, where the individual splittings
reflect the dynamic order parameters, SCH, of the CD2 and CD3 groups along the sn-2 chain
(26, 28, 29). The more rigid methylene groups at the top of the acyl chain near the glycerol
backbone have larger splittings while the more mobile groups at the end of the acyl chain
have smaller quadrupolar couplings. Figure 3.4a shows a maximum splitting of 53 kHz and a
minimum of 5.8 kHz, corresponding to an SCH of 0.21 and 0.02, consistent with the known C-
H order parameters of liquid-crystalline bilayers (29). The addition of PG-1 worsened the
spectral resolution, increased the relative intensity of the small couplings in the center of the
43
spectra, and caused a zero-frequency peak to grow and dominate the spectrum. These
indicate that PG-1 not only increases the orientational disorder of the membrane but also
promotes the formation of isotropic lipids, which are fully consistent with the 31P data.
Figure 3.4. 2H spectra of oriented d31-POPC/POPG lipids with varying amounts of PG-1. (a, d) 0%. (b, e) 1%.
(c, f) 4%. The alignment axis is alternately parallel (a-c) and perpendicular (d-f) to the external magnetic field.
Moreover, there does not appear to be an overall reduction of the C-H order
parameters for the chain methylene groups, since the largest quadrupolar couplings remain
the same as in the absence of the peptide. To confirm this, we rotated the samples by 90˚
from B0 and measured the 
2H spectra again (Figure 3.4d-f). When the glass-plate normal is
perpendicular to B0, the spectral maximum of a perfectly aligned sample occurs at
P2 cos 90˚( )  Q = 0.5Q , which coincides with the spectral maximum for a randomly
oriented sample. Thus, at the 90˚ alignment direction only changes of the motional order
parameters, but not orientational distribution, can affect the 2H quadrupolar coupling. Figure
3.4(d-f) shows that PG-1 does not affect the sizes of the individual splittings but only
broadens the lines. Thus, PG-1 does not change the order parameters of the hydrophobic part
of the lamellar bilayers but only affect the orientation distribution of the bilayers. The
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preservation of the C-H order parameters by PG-1 is the same as observed on POPC
membrane without POPG (20), but differs from colicin Ia channel domain and ovispirin,
which reduced the acyl-chain order parameters, indicating membrane thinning (28, 30).
Figure 3.5 compares the 31P disorder of the three different membranes as a function of
PG-1 concentration. The disorder was calculated as the integrated intensity of the unoriented
region, defined to be 75% of the total chemical shift range starting from the upfield 90˚ peak,
over the total intensity of the spectra. The POPC/POPG membrane and POPC membrane
exhibit similarly high disorder in the presence of PG-1, while the POPC/Chol membrane
shows the least disorder.
Figure 3.5. Membrane disorder as a function of PG-1 molar concentration for POPC (diamonds), POPC/POPG
(squares), and POPC/Chol (circles) bilayers.
Structure of the POPC/POPG membrane in the presence of PG-1
To further elucidate if the isotropic lipids in POPC/POPG membranes are spatially
separate from or a part of the residual lamellar bilayer, we conducted 2D 31P exchange
experiments. Lipids undergo lateral diffusion with diffusion coefficients of 10-7 – 10-8 cm2/s
(31, 32). If the isotropic lipids are contiguous with the residual oriented lipids, and if a
typical radius of curvature of ~ 1µm is assumed for the membrane, then the laterally induced
lipid reorientation should change the 31P frequency on timescales of 10 – 100 ms. This should
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give rise to cross peaks in the 2D exchange spectra. Figure 3.6 displays the 2D 31P spectra of
the POPC/POPG/4% PG-1 sample acquired with mixing times of 5 ms, 50 ms and 400 ms.
At 5 ms, only diagonal intensities are observed, including the prominent 0˚, 90˚ and isotropic
peaks. Increasing the mixing time produced only weak cross peaks between the 0˚-peak and
the isotropic peak despite their high diagonal intensities. This strongly suggests that the
isotropic lipids reside in separate domains from the residual lamellar bilayer. Therefore, it is
unlikely for the isotropic peak to reflect toroidal pores or other membrane defects within the
oriented bilayer.
Figure 3.6. 2D 31P exchange spectra of oriented POPC/POPG membranes with 4% PG-1. The exchange mixing
times are (a) 5 ms, (b) 50 ms, and (c) 400 ms. Dashed lines guide the eye for the expected cross peak positions
between the 0˚- and isotropic peaks.
Since the isotropic peak in the POPC/POPG spectra is caused by PG-1, one may
expect the peptide to be preferentially associated with the isotropic domain and the residual
oriented lipids to be free of the peptide. To test this hypothesis, we conducted 31P-detected
1D 1H spin diffusion experiments using oriented d31-POPC/d31-POPG bilayers containing 4%
PG-1. The pulse sequence of the experiment is shown in Figure 3.8a. A short 1H T2 filter first
suppresses the 1H magnetization of the rigid peptide while retaining the magnetization of the
mobile lipid. A 1H mixing time then allows the remaining lipid 1H magnetization to be
transferred to the peptide. After cross polarization from 1H to 31P, the spin diffusion from the
lipid to the peptide is manifested as a reduction of the 31P intensity of the corresponding lipid
domain. If the peptide is solely bound to the isotropic domain but absent in the residual
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oriented lamellar phase, then one would expect the isotropic 31P peak to be reduced more
than the 0˚-peak.
Figure 3.7. (a) 1D 1H MAS spectrum of POPC/POPG without PG-1. Asterisk and underline indicate the POPG
and POPC sites, respectively, while the other assignments are the same for the two lipids (50). (b) 1H MAS
spectrum of POPC/POPG with 4% PG-1. Note the line broadening caused by the peptide. (c) 1H cross section of
a 1H-31P 2D correlation spectrum acquired with a CP contact time of 4 ms. The headgroup and glycerol protons
are selected due to their proximity to 31P.
For the experiment to work, it is crucial for the number of lipid protons that
participate in spin diffusion to be small and to be close to the 31P. Comparison of 1D 1H and
2D 1H-31P correlation MAS spectra of unoriented POPC/POPG/PG-1 membrane showed that,
after a 4 ms 1H-31P CP contact time, only the glycerol backbone and headgroup protons
contribute to the 31P magnetization (Figure 3.7). The static oriented experiments were
conducted with a 2 ms CP, thus, the 1H spin diffusion source should be even more selective
and likely excludes the - and G1 protons. A second consideration is that if the acyl chain
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protons also transfer their magnetization to the peptide (26), then this alternative pathway
would reduce the desired magnetization transfer from the glycerol and headgroup protons.
Thus, we used sn-2 chain perdeuterated POPC and POPG lipids to reduce the chain – peptide
transfer. Double-chain perdeuteration is not commercially available for POPC and POPG
lipids. The remaining protons in the oleoyl chain should not dilute the backbone
magnetization transfer much, since the unsaturated chain is much more mobile than the
glycerol backbone, making 1H spin diffusion inefficient.
Figure 3.8. (a) Pulse sequence for the 1D 31P-detected 1H spin diffusion experiment. (b-d) 31P spectra of the
glass-plate oriented d31-POPC/d31-POPG/4% PG-1 sample after 
1H spin diffusion. A 1H T2 filter (2) of (b) 0 µs,
(c) 20 µs, and (d) 40 µs was used. The spin diffusion mixing time was 100 ms. Note the preferential dephasing
of the 0˚ peak relative to the isotropic peak (dashed line).
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Figure 3.8(b-d) shows the 31P spectra of the glass-plate aligned d31-POPC/d31-POPG
membrane containing 4% PG-1. A 1H spin diffusion mixing time of 100 ms and 1H T2 filter
times (2) of 0 µs, 20 µs and 40 µs were used. In all three spectra, the intensity of the
isotropic peak (dashed line) is much reduced from the DP spectrum (Figure 3.3c) due to
inefficient cross polarization but the intensity is not completely suppressed. With increasing
T2 filter time, both the isotropic and the 0˚-peak intensities decreased, but the 0˚ peak
decreased slightly more. Normalized with respect to the isotropic peak, the 0˚ peak decreased
to 85±5% after a 40 µs 1H T2 filter and a 100 ms mixing time. Other mixing times confirmed
this trend. The preferential reduction of the 0˚-peak compared to the isotropic peak suggests
that PG-1 is sufficiently close to the residual oriented bilayers to cause the depletion of the
backbone and headgroup 1H magnetization. In other words, PG-1 is not exclusively bound to
the isotropic domain but is also present in the residual oriented bilayers.
Dynamic heterogeneity of the mixed membranes in the presence of PG-1
To determine the degree of dynamic heterogeneity of the membranes in the presence
of PG-1, we compared the 13C T2 relaxation times under CP and DP conditions. CP
preferentially selects the signals of the rigid component due to its requirement for dipolar
coupling, while the DP experiment preferentially detects the mobile components. If the
membrane dynamics is uniform, then no difference is expected between the T2,CP and T2,DP
values. This would yield a T2 ratio of 1. Reduction of T2,CP/T2,DP from unity indicates that the
bilayers are dynamically heterogeneous.
Figure 3.9a shows the 13C DP spectrum of POPC/POPG where the POPC 13C
assignment is indicated. The POPC 13C T2 values under CP and DP are shown in Figure 3.9b.
In general, the T2 values are shorter in the presence of the peptide than in its absence. This
means that peptide binding causes lipid motions that are slower than the fast uniaxial
rotational diffusion of the pure lamellar lipids. The DP experiment gives longer T2 values
than the CP experiment for both samples, but the difference is more pronounced for the PG-1
bound sample. As a result, the ratio T2,CP/T2,DP decreased upon PG-1 binding (Figure 3.9b).
Thus, the POPC/POPG bilayer becomes more heterogeneous in the presence of PG-1. A
control experiment on pure POPC bilayer without the peptide shows near unity T2 ratios for
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most sites, indicating homogeneous dynamics, which is expected for the one-component
system.
Figure 3.9. (a) 13C DP-MAS spectrum of POPC/POPG without PG-1. The POPC 13C assignment is indicated
(51). (b) 13C T2 relaxation times of POPC in POPC/POPG membranes in the absence (open symbols) and
presence (filled symbols) of PG-1. Circles: DP. Triangles: CP. (c) The ratio of CP and DP T2 values for POPC
control (open diamonds), POPC/POPG without PG-1 (open squares), and POPC/POPG with 4% PG-1 (filled
squares).
Similar experiments were carried out on the POPC/Chol membrane. The T2 values of
the assigned POPC carbons (Figure 3.10a) with and without PG-1 are shown in Figure 3.10b.
Noticeably, the CP and DP T2 difference for each sample is now larger than the peptide-
induced difference between two samples. Specifically, the T2,CP/T2,DP ratios of the peptide-
absent membrane are already significantly smaller than 1, indicating that cholesterol
increases the membrane heterogeneity substantially. The fact that the T2,CP and T2,DP values
are both shorter than those of the POPC/POPG bilayer indicates that the cholesterol-
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containing membrane has slower motions than the POPC/POPG bilayer. This is consistent
with the known condensing effect of cholesterol to biological membranes and the complex
phase diagram of cholesterol-containing membranes (33-35).
Figure 3.10. (a) 13C DP-MAS spectrum of POPC/Chol, indicating the POPC 13C assignment (51). (b) 13C T2
relaxation times of POPC in the POPC/Chol membrane in the absence (open symbols) and presence (filled
symbols) of PG-1. Circles: DP. Triangles: CP. (c) The ratio of CP and DP T2 values for POPC control (open
diamonds), POPC/chol without PG-1 (open circles), and POPC/chol with 4% PG-1 (filled circles).
The addition of PG-1 decreased T2,DP more than T2,CP, so that the T2 ratios of the PG-1
bound POPC/Chol membrane are higher than the peptide-absent membrane. Thus, it appears
that PG-1 makes the POPC/Chol membrane more homogeneous, possibly by interacting with
the POPC-rich region of the membrane and inducing slower-timescale motions in these
lipids.
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Discussion
In this work, we examine the origin of membrane selectivity of PG-1, a representative
-sheet antimicrobial peptide that destroys bacterial and fungal cells with one to two orders
of magnitude higher efficiency than erythrocytes (18). We test the hypothesis that the high
percentage of anionic lipids in bacterial and fungal cytoplasmic membranes facilitates PG-1’s
disruption of membrane structure while the cholesterol in mammalian membranes attenuates
its lytic activity. While other hypotheses such as the presence of outer membrane
lipopolysaccharides (LPS) (36) and the propensity of lipids to form non-lamellar structures
(27) have also been proposed to contribute to antimicrobial selectivity, these are less general
mechanisms. LPS is present only in Gram-negative bacteria, and nonlamellar phases are
formed only by certain lipids. We use POPC/cholesterol (1.2:1) bilayers to mimic the
mammalian plasma membranes and POPC/POPG (3:1) bilayers to mimic the bacterial
cytoplasmic membranes, and monitor how these composition changes affect the interaction
between PG-1 and the lipid bilayer. Studies using model lipid bilayers have provided useful
insight into the mechanism of action of peptides (37, 38).
The 31P spectra of the oriented samples show unambiguously that PG-1 causes much
disorder already in simple POPC bilayers, but this disorder is significantly worsened with the
addition of POPG, since a new isotropic phase is created. The addition of cholesterol reduces
the orientational disorder and inhibits the formation of the isotropic phase. These correlate
well with the antimicrobial activities of PG-1.
The nature of the narrow peak at 1.5ppm in the POPC/POPG spectrum is better
understood from the analysis of the 31P spectra. One-dimensional 31P spectra of 0˚ and 90˚
aligned samples indicate that the 1.5-ppm peak indeed does not have any residual anisotropy.
2D 31P exchange spectra further show that the isotropic domain is spatially well separated
from the oriented bilayers, since even after 400 ms the cross peak between the 0º-peak and
the isotropic peak is weak. These observations rule out the presence of toroidal pores in the
equilibrium state of the membrane, since pore-lining lipids must undergo anisotropic motion
and should, by definition, be spatially close to the oriented lipids. We believe the isotropic
peak most likely corresponds to small lipid vesicles that originated from the bilayer but have
fragmented from it. The lipids in these vesicles undergo isotropic motions on timescales
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slightly faster than the inverse of the 31P CSA, since the 31P peak width of 1.6 kHz is broader
than the extreme narrowing limit. This isotropic motion can be overall tumbling of the
vesicles or lateral diffusion of the lipid molecules on the vesicle surface. In fact, the broad
POPC peak between -15ppm and 20 ppm (Figure 3.1c) may already contain an incipient
isotropic domain, but it is not sufficiently mobile compared to the anionic membrane to be
distinguished from the unoriented lipids. The lack of exchange between the lamellar and the
nonlamellar phases have also been detected in lipid membranes without any peptides (39).
This suggests that the spatial separation of lamellar and nonlamellar lipids, whatever the
origin, may be general.  From the 31P NMR spectra alone, it is not possible to exclude the
more complex cubic phases as the origin of the isotropic peak. Such cubic-phase lipids have
been observed to form by gramicidin S (GS) using X-ray diffraction (27, 40) and by
equinatoxin II using electron microscopy.
The 31P-detected 1H spin diffusion spectra (Figure 3.8) indicate that the residual
oriented POPC/POPG lipids are sufficiently close to the peptide to allow 1H spin diffusion to
occur from the glycerol and headgroup protons. This 1H magnetization transfer reduces the
31P 0˚-peak to ~85% compared to the isotropic peak. It is difficult to estimate the precise
fraction of the peptide bound to the bilayer versus the isotropic domain, since the efficiency
of CP is very different between the two. If the isotropic lipids, despite their inefficient CP,
had shown a preferential decrease of the 31P intensity relative to the 0˚-peak, then it would
unambiguously signify the predominant association of the peptide with the isotropic phase.
However, if PG-1 is similarly distributed between the bilayer and the isotropic domains, then
the 0˚-peak would dephase more than the isotropic peak due to the stronger 1H-31P dipolar
couplings and the higher CP efficiency of the residual oriented bilayers. Thus, from the
observed preferential reduction of the 0˚-peak we can only conclude that PG-1 is not
exclusively bound to the isotropic vesicles but is also associated with the remaining lamellar
bilayer.
It is useful to compare the interaction of PG-1 with lipids to other membrane-active
peptides. A number of peptides such as GS (9, 41), equinatoxin II (40, 42), and melittin (40),
have been found to cause the formation of isotropic phases. However, for the relatively non-
specific antimicrobial peptides and for hemolytic peptides, the isotropic phase is usually not
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correlated with the presence of anionic lipids. For example, GS creates isotropic phases in
bilayers of neutral sphingomyelin and phosphatidylethanolamine as well as in bilayers of
anionic phosphatidylglycerol and phosphatidylserine (9). For the cholesterol-binding toxins
equinatoxin II and pneumolysin, which target mammalian cells, isotropic lipids are formed
only in the presence of sphingomyelin (40, 42) and cholesterol (43). In contrast, the selective
antimicrobial peptides nisin and mastoparan resemble PG-1 in that they form nonlamellar
isotropic phases only in anionic membranes (44, 45).
The observed protecting effect of cholesterol against PG-1’s disruption of the
membrane also resembles the behavior of several other antimicrobial peptides. 31P NMR
showed that cholesterol inhibits the formation of isotropic lipids by nisin (45) and to a lesser
extent by GS (46). For magainin 2, a four-fold increase of the peptide amount is required to
cause 50% liposome lysis in the presence of cholesterol than in the absence of it (7). These
studies suggest that there is a good correlation between the function of membrane peptides
(antimicrobial or cytotoxic) and the formation of nonlamellar phases in the target membranes
of suitable composition (anionic or cholesterol-containing).
We hypothesize that the cationic and amphipathic nature of the PG-1 -sheet is the
main cause for its membrane selectivity. The cationic Arg residues facilitate the binding of
PG-1 to anionic POPC/POPG membranes while the hydrophobic patch favors PG-1 insertion
into the membrane. Once tightly bound, PG-1 apparently induces a strong positive curvature
strain to the bilayer, eventually leading to the formation of isotropic vesicles. No such
isotropic vesicles are seen in zwitterionic POPC bilayers, even though a significant amount
of static disorder is seen. This may reflect weaker binding of the peptide to the zwitterionic
membrane and thus less positive curvature strain. Cholesterol’s protecting effect may result
from the fact that its is embedded in the hydrophobic part of the membrane and thus
counteracts the positive curvature strain. Studies of the structure-activity relationships of PG-
1 and its analogs indicate that the antimicrobial activities of PG-1 decrease when the number
of cationic residues is reduced and when the hydrophobic residues are replaced by polar
amino acids (16). The importance of the amphipathic structure to membrane disruption is
also supported by the comparison with the cyclic -sheet peptide, RTD-1, which does not
contain a hydrophobic patch. Solid-state NMR studies indicate that RTD-1 does not promote
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an isotropic phase in the anionic membrane and cholesterol also plays a less beneficial role
(47).
The 13C T2 relaxation times of POPC segments in the POPC/POPG and POPC/Chol
membranes provide further insights into the heterogeneity of the membrane mixtures.
Whether bound to PG-1 or not, the T2 values measured from CP are shorter than those from
the DP experiment, indicating the presence of dynamic heterogeneity in the mixed
membranes. In the absence of PG-1, the core of the POPC molecule in the POPC/POPG
bilayer shows T2 ratios close to 1 while the ends of the molecule have more different T2
values. This indicates that the hydrophobic part of the membrane is more homogeneous than
the interfacial region, as expected for the identical-chain but differing-headgroup mixture.
For the POPC/Chol membrane, the dynamic heterogeneity is far more pronounced (Figure
3.10) and present across the entire depth of the membrane. This is consistent with the
complexity of the cholesterol-phospholipid phase diagrams and the existence of liquid-
ordered and liquid-disordered phases under suitable temperature and compositions (33, 34).
The T2,DP values of the POPC acyl chains are significantly lower in the POPC/Chol
membrane than in the POPC/POPG membrane. This is consistent with the fact that
cholesterol is incorporated into the hydrophobic core of the bilayer and increases the chain
rigidity (35, 48, 49).
PG-1 binding decreases the T2 ratios of the POPC/POPG membrane but increases the
T2 ratios of the POPC/Chol membrane. The former indicates that the POPC/POPG membrane
became more heterogeneous upon PG-1 binding. In light of the oriented-membrane results,
this enhanced heterogeneity can be attributed to the formation of the isotropic phase, where
motions slower than the uniaxial rotation of the lipids and comparable to the time scale of the
31P CSA are present. These slow motions dephase the 13C signals during the Hahn echo delay,
thus yielding shorter T2 values. In contrast, the already heterogeneous POPC/Chol membrane
becomes less heterogeneous upon PG-1 binding. We hypothesize that PG-1 preferentially
binds to the POPC-rich domain, triggering slower motions that are similar to those of POPC
molecules in the cholesterol-rich domain. We have previously measured the differential 13C
T2 relaxation times of DLPC bilayers with bound PG-1 (22). The T2,CP/T2,DP ratios of the
DLPC carbons in the presence of PG-1 are closer to 1 than the mixed membranes studied
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here. This indicates that the DLPC/PG-1 membrane is more homogeneous than the anionic
and cholesterol-containing membranes.
In conclusion, 31P, 2H, and 13C NMR of oriented and unoriented membranes with
different compositions show that PG-1 fragments anionic membranes into isotropic vesicles
while causing largely static disorder in the zwitterionic POPC bilayer. The addition of
cholesterol attenuates the orientational disorder of the membrane and suppresses the
formation of the isotropic phase. Once the anionic isotropic vesicles are formed, PG-1 is not
exclusively bound to the nonlamellar phase but is also present in the residual oriented
bilayers. The presence of the isotropic phase increased the dynamic heterogeneity of the
anionic membrane, while the POPC/Chol membrane appears to be partially homogenized by
PG-1.
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Membrane-Bound Dimer Structure of a -Hairpin Antimicrobial Peptide from
Rotational-Echo Double-Resonance Solid-State NMR
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Abstract
The intermolecular packing of a -hairpin antimicrobial peptide, PG-1, in lipid
bilayers is determined using solid-state NMR distance measurements. Previous spin counting
experiments showed that PG-1 associates as dimers in POPC bilayers, however the detailed
dimer structure was unknown. We have now measured several intermolecular 13C-19F, 1H-13C,
and 15N-13C distances in site-specifically labeled PG-1 to constrain the structure of the
intermolecular interface. The distances are measured using the rotational-echo double-
resonance (REDOR) technique under magic-angle spinning. The results indicate that two
PG-1 molecules align in a parallel fashion with the C-terminal strand of the hairpin forming
the dimer interface. Six hydrogen bonds stabilize this interface, and Phe12 sidechain adopts
the g- conformation in the membrane as in solution. The parallel packing of the peptide in the
lipid bilayer differs from the antiparallel dimer found in DPC micelles, and may be stabilized
by its strong amphipathic character, which should facilitate its insertion into the anionic
bacterial membrane. This study demonstrates the utility of the REDOR NMR technique for
the elucidation of the oligomeric structure of membrane proteins.
Introduction
A large number of small cationic peptides produced by animals and plants kill
bacterial, fungal and viral cells by destroying their cell membranes (1, 2). Various
mechanisms have been proposed to explain this membrane disruption. In the barrel-stave
model, several peptides form transmembrane pores that deplete the membrane potential. In
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the carpet model, the peptides aggregate on the surface of the lipid bilayer and at high
concentrations cause membrane thinning, eventually micellizing the membrane. In the
toroidal pore model, the peptides induce torus-shaped pores, where the two lipid leaflets bend
toward each other and merge (3-5). One common feature of these mechanistic models is that
the peptides oligomerize in order to disrupt the membrane integrity. However, direct
determination of the oligomeric structure of antimicrobial peptides in lipid bilayers is so far
scarce (6). Protegrin-1 (PG-1) is a disulfide-linked -hairpin antimicrobial peptide found in
porcine leukocytes (7). Its Arg-rich sequence, -hairpin conformation, and broad-spectrum
activities are representative of many other antimicrobial peptides (8). To elucidate the
mechanism of action of PG-1, knowledge of the three-dimensional oligomeric structure of
the peptide in the lipid bilayer is crucial.
Using a new 19F exchange NMR technique, we recently showed that the -turn region
of PG-1 is dimerized in POPC bilayers (9). In this experiment, dipolar-driven magnetization
exchange among molecules of different orientations changes the 19F chemical shift
frequency, which in turn reduces the intensity of a spin echo. For an oligomeric species with
M orientationally inequivalent molecules, the equilibrium echo intensity is 1/M. Thus,
measurement of the echo intensity at long mixing times allows the determination of the
oligomeric number. The strong 19F-19F dipolar coupling allows the detection of spins as far as
~15 Å away. In this way, we found that 4-19F-Phe12 at the -turn of PG-1 is dimerized within
a ~15 Å radius (9).
The next question to address is the structure of the PG-1 dimer. What is the mutual
orientation of the two -hairpins? Which of the two strands in each -hairpin forms the dimer
interface? What is the hydrogen-bonding pattern at the dimer interface? How does the PG-1
oligomeric structure facilitate its membrane disruptive function? Finally, how is the
oligomeric structure dictated by the amino acid sequence, in terms of properties such as the
distribution of polar and non-polar residues? Addressing these questions is important not
only for understanding the specific antimicrobial mechanism of PG-1, but also for obtaining
general insights into the folding of -sheet membrane proteins (10, 11).
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In this work, we employ rotational-echo double resonance (REDOR) NMR, a
technique that measures heteronuclear distances (12), to determine the dimer structure of PG-
1 in POPC bilayers. Using 13C-19F, 1H-13C, and 15N-13C distance measurements on site-
specifically labeled PG-1, we determined which strand forms the dimer interface, the mutual
orientation of the -hairpins, and the registry of hydrogen bonds at the dimer interface.
Materials and Methods
1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphatidylcholine (POPC) was purchased from
Avanti Polar Lipids (Alabaster, AL). PG-1 was synthesized according to previously
published procedures (13). Two peptide samples were prepared: a 1:1 molar mixture of [15N-
Cys15] PG-1 and [
13C’-Cys15] PG-1, and [4-
19F-Phe12, 
13C’-Val16] PG-1. Synthesized PG-1
contains residual trifluoroacetate (TFA) ions, whose 19F spins can interfere with the 13C-19F
distance measurement. We removed this residual TFA by repeated washing of the peptide in
dilute HCl solutions until negligible signal was detected at –75 ppm in the 19F solution NMR
spectrum. The purified peptide was codissolved with POPC lipids in methanol and
chloroform solutions to achieve the desired peptide-lipid (P/L) molar ratio. A P/L of 1:20
was used for the 15N- and 13C’ mixed labeled sample, and a P/L of 1:12.5 was used for the
19F, 13C’ doubly labeled sample. The combined solution was dried under a stream of nitrogen
gas and lyophilized. The dry powder was packed into 4-mm rotors and hydrated to 35%
water by mass. This hydration level was the same as that used previously for observing lipid
31P spectra in the presence of PG-1 (13). A glass spacer was used to center the sample in the
rotor to reduce radio-frequency field inhomogeneity.
Solid-state NMR
NMR experiments were performed on a Bruker Avance DSX-400 spectrometer
(Karlsruhe, Germany) operating at 400.49 MHz for 1H, 376.8 MHz for 19F, 100.72 MHz for
13C, and 40.58 MHz for 15N. The 13C{19F} REDOR experiments, where the nucleus in the
bracket is the unobserved dephasing spin, was conducted on a 4-mm magic-angle spinning
(MAS) probe equipped with a Bruker HFX unit, which allows simultaneous tuning of 1H and
19F on the 1H channel. The 1H{13C} and 15N{13C} REDOR experiments were carried out on a
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1H/13C/15N triple resonance MAS probe. Spinning speeds were regulated to ±3Hz using a
pneumatic control unit. To suppress lipid and peptide motion, which reduces dipolar
couplings, all REDOR experiments were performed at 233K, using air cooled through a
Kinetic Thermal Systems XR Air-Jet Sample Cooler (Stone Ridge, NY). The 31P spectra of
the lipids are fully reproducible before and after sample freezing, indicating that the peptide-
lipid interaction is unaffected by freezing. 13C and 15N chemical shifts were referenced
externally to the 13C’ signal of -Gly at 176.4 ppm on the TMS scale and the 15N signal of N-
acetyl-valine at 122 ppm, respectively.
13C{19F} and 15N{13C} REDOR experiments
The pulse sequence for the 13C{19F} and 15N{13C} REDOR experiments is shown in
Figure 4.1a. The X-magnetization evolves under the X{Y} dipolar coupling, which is
recoupled under MAS by a train of  pulses spaced half a rotor period apart (12). All except
for one  pulse were applied on the Y channel. The single X  pulse was placed in the middle
of the REDOR mixing period to refocus the X isotropic chemical shift. Two experiments
were conducted for each mixing time, a control experiment (S0) where all the Y-spin pulses
are turned off, and a dephasing experiment (S) where the Y-pulses are on. The normalized
dephasing, S/S0, as a function of mixing time gives the dipolar coupling of interest without T2
relaxation effects.
To compensate for pulse imperfections, composite 90˚90180˚90˚90  pulses were
used for the Y-spin pulses (14). The phase  was cycled according to the XY-8 scheme (15).
This composite-pulse REDOR experiment was demonstrated to improve the accuracy of the
distance measurements by compensating for pulse angle errors (14). Typical  pulse lengths
were 10 µs for 13C and 15N and 11 µs for 19F. 1H decoupling field strengths were typically 60-
70 kHz during acquisition and increased to 75-85 kHz during the REDOR mixing times to
minimize the problem of incomplete REDOR dephasing (14). The spinning speed was 6 kHz
for 13C{19F} REDOR and 3.472 kHz for 15N{13C} REDOR.
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The error bars of S/S0, S S0 , were propagated from the signal-to-noise (SNR) ratios
of the S0 and S spectra, using the equation S S0 = S S0( )  S2 + S0
2( )
1/2
, where the uncertainty 
of each spectrum is 1/SNR.
1H
X
TPPMCP
CP
Y
dipolar decoupling
rotor 
period
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13C
15N
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180˚
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Figure 4.1. Pulse sequence for measuring intermolecular distances in site-specifically labeled PG-1. (a) X{Y}
REDOR, where the X-spin is observed and the Y-spin pulses reduce the X-spin echo via the dipolar coupling.
The 13C{19F} and 15N{13C} REDOR experiments were conducted using this sequence. (b) 15N-detected 1H{13C}
REDOR. Filled and open rectangles indicate 90˚ and 180˚ pulses, respectively. TPPM: two-pulse phase
modulation (16). LG-CP: Lee-Goldburg cross-polarization (17). For both experiments, the 180˚ dephasing
pulses were implemented as the composite pulse 90 1˚80˚90˚ to compensate for pulse length imperfections
(14).
15N-detected 1H{13C} REDOR experiment
Figure 4.1b shows the pulse sequence for the 15N-detected 1H{13C} REDOR
experiment (18, 19). 1H magnetization evolves under the recoupled 1H-13C dipolar interaction
while the 1H-1H dipolar coupling is suppressed by an MREV-8 pulse train (20, 21). Two 
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pulses are applied on the 13C channel in each rotor period while a single 1H  pulse is applied
in the center of the C-H REDOR period to refocus the 1H isotropic chemical shift. At the end
of the C-H REDOR period, a 75 µs Lee-Goldburg cross-polarization (LG-CP) step is applied
to selectively transfer the C-H dipolar modulated 1HN magnetization to its directly bonded 15N
nucleus for detection.
To optimize the MREV-8 performance and minimize the number of REDOR -
pulses, the 1H{13C} REDOR experiment was conducted at a slow spinning speed of 3.472
kHz. The MREV-8 pulse length was 3.5 µs and was optimized by maximizing the 15N
intensity in the absence of the 13C  pulses. The  pulse lengths were 9.8 µs for 13C and 6.0
µs for 1H. The 13C carrier frequency was placed on resonance with the carbonyl signal to
minimize off-resonance effects.
REDOR simulations and molecular modeling
Two-spin REDOR curves were simulated using an in-house Fortran program. Three-
spin REDOR curves for the C’-F experiment were simulated using the SIMPSON program
(22). The simulations assumed -function pulses, and used the REPULSION scheme (23) for
powder averaging. Input distances and angles for the REDOR simulations were obtained
from model building in the Insight II environment (Accelrys, San Diego), using minimum-
energy solution NMR structures of PG-1 as the monomer structure (PDB code: 1PG1) (24).
Since each pair of labels gives two distances at the dimer interface, the calculated REDOR
curve for each label pair is the average of two couplings. For the equimolar mixture of 13C’-
Cys15 PG-1 and 
15N-Cys15 PG-1, the calculated REDOR curves were scaled by 50% to
account for the fact that only 50% of the 15N-labeled peptide is directly adjacent to a 13C-
labeled peptide.
PG-1 dimer models that are potentially consistent with all the experimentally
measured distances were created using MODELLER (25) (version 6.1). In addition to the
REDOR-based distance restraints, the input file included a restraint to preserve the
intramolecular hydrogen bond ladder of each monomer, and a restraint to maintain monomer
symmetry. A representative low energy conformer that agrees with all the intermolecular
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distance constraints, the hydrogen bond registry, and the Phe12 1 angle, has been deposited in
the PDB with the accession number of 1ZY6.
Results
PG-1 dimer models
Our previous 19F spin diffusion experiment of PG-1 in POPC bilayers established that
the -turn of the peptide, where the 4-19F-Phe12 residue is located, is dimerized (9). To
determine the detailed dimer structure, we first consider the possible packing and alignment
motifs for two -hairpin molecules.
A -hairpin peptide can form six distinct dimer motifs stabilized by intermolecular
hydrogen bonds. The dimer interface could consist of two C-terminal strands from two
monomers (NCCN), two N-terminal strands (CNNC), or one N-strand and one C-strand
(NCNC). For each packing motif, the strands can align in a parallel or antiparallel fashion. In
all six motifs, the molecules are packed sideways in the -hairpin plane as constrained by the
direction of the   C =OH N  hydrogen bonds. Figure 4.2 illustrates these six dimer models,
with intermolecular hydrogen bond lengths, RN-O, of 2.5–3.5 Å (26). These are satisfied for
most interfacial residues except for the N- and C-terminal residues due to their larger
disorder in the solution structure (24). For the distance measurements reported here, all
labeled sites are located in the central region of the C-strand, thus the distances are minimally
affected by dynamic disorder even if any persists in the lipid bilayer.
The dimer models of Figure 4.2 can be distinguished from each other by various
intermolecular distances. For example, the intermolecular Cys15 
13C’– Cys15 
15N distances are
less than 7 Å in the two NCCN models (a-b), but are 14–16 Å in the CNNC models (c-d) and
9–10 Å in the NCNC (e-f) packing models. Thus, the measurement of the Cys15-Cys15
15N{13C} distance, for example, can determine the strand identities at the dimer interface.
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Figure 4.2. (a-b) NCCN, (c-d) CNNC, and (e-f) NCNC packing models of PG-1, whose amino acid sequence is
shown at the top. The relative orientation of the -hairpins is parallel in (a, c, e) and antiparallel in (b, d, f).
Distances between Cys15 
13C’ (filled circle) and Cys15 
15N (open circle) are indicated as an example to illustrate
the drastically different intermolecular distances among  these packing motifs.
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Figure 4.3 shows the 15N{13C} REDOR spectra of the equimolar mixture of [13C’-
Cys15] PG-1 and [
15N-Cys15] PG-1 in POPC bilayers at P/L = 1:20. The spectra were
acquired with a REDOR mixing time of 13.8 ms, and a S/S0 value of 0.85 was measured.
Since each PG-1 molecule contains only one isotopic label, the measured distance is purely
intermolecular in origin. To account for dephasing by the natural abundance 13C background,
a control experiment was carried out using only [15N-Cys15] PG-1, which gave a S/S0 value of
0.94. Since S S( )labeled = S S( )total  S S( )unlabeled , the net dephasing by Cys15 13C’ is 0.91 ±
0.05. This is significant compared to the calculated REDOR intensities for the CNNC and
NCNC models.
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Figure 4.3. Experimental 15N{13C} REDOR data of the 1:1 mixture of [13C’-Cys15] PG-1 and [
15N-Cys15] PG-1
in POPC bilayers (P/L = 1:20). The S0 and S spectra at 13.8 ms are shown. The natural-abundance corrected
S/S0 value is 0.91±0.05. Among the calculated REDOR curves for various dimer models, the CNNC and NCNC
models have no intensity decays in 30 ms while the NCCN models give measurable REDOR decays due to the
much shorter distances. The calculated REDOR curves are scaled by 88% to account for incomplete
dimerization of the peptide.
As shown in Figure 4.3, these packing models give C-N distances of 9 Å or longer,
which produce no detectable 15N{13C} REDOR dephasing in 30 ms. In contrast, the two
NCCN models, which place the two labels within 4–7 Å, give sizeable S/S0 values of
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0.85–0.90 by 15 ms. These calculated REDOR curves took into account a dimer fraction of
88%, obtained from the C-H REDOR data below and from the previous CODEX
experiments (9). Therefore, the 15N(13C} REDOR data, while insufficient to give quantitative
distances, qualitatively and unambiguously rule out the NCNC and CNNC packing motifs.
Similarly, the sizeable 1H{13C} and 13C(19F} REDOR decays found below, between labels
placed on the C-strand of the peptide, conclusively rule out the NCNC or CNNC packing
models. Moreover, the 13C(19F} and 1H{13C} REDOR data give quantitative distances that
define the mutual orientation of the -hairpin at the C-strand interface.
13C{19F} REDOR
Since 15N-13C dipolar couplings are weak for distance above 4 Å, and Cys15 is
centrally located on the C-strand, the 15N{13C} REDOR experiment is relatively insensitive to
the mutual orientation of the two strands at the dimer interface. To extract the orientation
information, we measured the C’-F distance on [4-19F-Phe12, 
13C’-Val16] PG-1 in POPC
bilayers. The two labels are spaced far apart on the C-strand, thus the distance between them
is sensitive to the relative orientation of the two -hairpins. The high-  of the 19F spin
increases the dipolar coupling strength so that longer distances can be measured. Figure 4.4
shows the 13C-detected 19F-dephased REDOR data and a representative pair of spectra (a).
The dephasing of the natural abundance carbonyl signals of the lipids and PG-1 by the 19F
label was corrected from the data using the equation
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where f is the fraction of the S0 signal due to the labeled 
13C. Spectral comparison of the 13C-
labeled and unlabeled samples gave an f of 80%. The dephasing of the natural abundance
13C’ signal was directly measured through a control experiment on [4-19F-Phe12] PG-1
without any 13C labels. The S/S0 values were ~0.95. From these, we obtained the REDOR
dephasing of the labeled Val16 
13C’, which are plotted in Figure 4.4b-d.
71
Time (ms)
200 120160 200 120160
S0 S
13C (ppm)13C (ppm)
(a)
Time (ms)
S/
S 0
S/
S 0
(c) (d)
NCCN
antiparallel
NCCN
parallel
NCCN
antiparallel
NCCN
parallel
0 5 10 15 20 25 30
S/
S 0
Time (ms)
0
0.2
0.4
0.6
0.8
1.0
0 5 10 15 20 25 30
0
0.2
0.4
0.6
0.8
1.0
0 5 10 15 20 25 30
0
0.2
0.4
0.6
0.8
1.0
(b)
intramolecular only
intramolecular only
 
 
12 Å
9.5 Å
10 Å
11 Å
Figure 4.4. Experimental 13C’{19F} REDOR data of [4-19F-Phe12,  
13C’-Val16] PG-1 in POPC bilayers (P/L =
1:12.5) and calculated REDOR curves for various structural models. (a) Representative S0 and S spectra,
acquired with a mixing time of 16 ms. (b) Experimental S/S0 values after natural abundance correction
(squares). These are much lower than the calculated REDOR curve for the intramolecular C’-F distance of 11.8
Å (dotted line), indicating that additional intermolecular couplings are present. Solid lines: model-independent
three-spin REDOR curves for an intermolecular distance between 9.5 Å and 12 Å and an intramolecular
distance of 11.8 Å. The calculated REDOR curves used a dimer fraction of 88%. (c) Model-dependent REDOR
curves. NCCN parallel dimers: shaded area. The experimental data falls within this range, and is best fit with
intermolecular distances of 9.3 Å and 15.7 Å (solid line). NCCN antiparallel dimers: dashed lines, with
intermolecular distances of 4.9-8.5 Å. These are completely outside the experimental data and can be ruled out.
(d) Calculated C’-F REDOR curves for parallel (solid line) and antiparallel (dashed line) NCCN dimers of a
nearly ideal -strand.
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To fit the 13C-19F REDOR data, we consider both the intramolecular and
intermolecular couplings, since each peptide contains both the 13C’ and 19F labels. The
average intramolecular Val16 C’- Phe12 F distance of the twenty minimum-energy PG-1
solution structures is 11.8 Å with a standard deviation of ± 0.8 Å. The REDOR curve for this
intramolecular distance alone (dotted line in Figure 4.4b) clearly decays more slowly than the
experimental data, thus verifying the presence of additional intermolecular dipolar couplings.
To obtain a model-independent intermolecular distance, we fit the data using a simple three-
spin model where one C’-F distance is fixed at 11.8 Å while the other is varied. The angle
between the two vectors is set at 75˚, which is a typical value obtained from model building
of PG-1 and which does not affect the REDOR curves significantly within ±20˚. The
calculated 13C{19F} REDOR curves used a dimer fraction of 88%, which was determined
from CODEX experiments on POPC-bound PG-1 at the same P/L ratio (9). The model-
independent three-spin simulations are shown in Figure 4.4b: the experimental data fall
within an intermolecular distance range of 9.5 – 12 Å, with the best fit at 11 Å.
We next consider the intermolecular Val16–Phe12 C’-F distances in parallel and
antiparallel NCCN dimers (Figure 4.5). The parallel packing gives much longer distances
than the antiparallel packing. Each dimer contains two intermolecular distances: in parallel
dimers, one distance is short (~ 10 Å) and the other is long (~ 16 Å), while in antiparallel
dimers the two distances are similar and both short (5 – 8 Å). Thus the parallel alignment
should give slower dipolar dephasing than the antiparallel dimer structure. Since the model-
independent best-fit result of 11 Å falls into the parallel-packed intermolecular distance
regime (Figure 4.4b), which does not overlap with the short intermolecular distances of the
antiparallel dimer, we conclude that the PG-1 -hairpins must adopt the parallel NCCN
dimer structure.
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Figure 4.5. Schematic representation of the intermolecular and intramolecular Val16 
13C’–Phe12 
19F distances
and the angle between them in (a) the NCCN parallel dimer and (b) the NCCN antiparallel dimer.
Figure 4.4c shows model-dependent simulations of REDOR curves based on the
distance geometries in Figure 4.5. Since the dimer interface has two intermolecular distances,
each calculated REDOR curve is the average of two three-spin geometries, where each three-
spin network contains the fixed intramolecular distance (11.8 Å) and an intermolecular
distance. The parallel NCCN dimer simulations are indicated as a shaded area to reflect the
distance variations due to the monomer structure distribution (24). The shorter distance in the
parallel dimer models ranges from 8.4 Å to 11 A, while the longer distance ranges from 15.3
Å to 16.5 Å. The data fall within this parallel dimer range. The best fit to the experimental
data is found at intermolecular distances of 9.3 Å and 15.7 Å (solid line in Figure 4.4c). In
comparison, the REDOR curves for the antiparallel NCCN dimer structures (dashed lines)
decay to much lower intensities than the experimental data and thus can be ruled out.
The position of the fluorine atom on the Phe12 aromatic ring depends on the 1 torsion
angle. The solution structure of PG-1 shows a well-defined Phe12 sidechain with a 1 angle of
70˚±3.5˚ (24). This corresponds to the second most populated rotameric state (g-) of Phe in
-sheets (27). This 1 angle places the phenylene ring close to its own backbone. The PG-1
dimer models indicate that 1 = 180˚ (trans) and 1 = –60˚ (g+) result in sidechain-backbone
steric conflict between the two monomers. Even when the (, ) angles of turn residues are
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modified to avoid the steric conflict, the intermolecular C’-F distances for the trans (7 Å and
14 Å) and g+ conformers (15 Å and 21 Å) clearly disagree with the experimental data. Thus,
Phe12 adopts the same g- conformation in the lipid bilayer as in solution.
The PG-1 solution structure used in dimer model building does not have perfect -
strand torsion angles. Thus the question arises as to whether the parallel NCCN dimer
conclusion would hold if the peptide adopts a more ideal -strand structure in the lipid
bilayer. To address this question, we constructed an ideal -strand with (, ) angles of (-
140°, 140°) to represent the C-strand of PG-1. Parallel and antiparallel dimers of this ideal -
strand were built using standard hydrogen bond lengths. The resulting intermolecular Val16
C’ – Phe12 F distances for the parallel dimer, 13.9 Å and 7.3 Å, are too short compared to the
experimental data. An examination of the PG-1 solution structure indicates that the  angle of
Cys13, around -90˚, deviates the most from the canonical -sheet  angle. Thus, we modified
the  angle of the same residue in the ideal -strand model. With 13=-65˚, we obtained
intermolecular C’-F distances of 15 and 10 Å, which agree roughly with the experimental
data (Figure 4.4d). In contrast, the distances in the antiparallel dimer of this nearly ideal -
strand are too short (~6 Å) to satisfy the experimental data. Thus, the parallel packing result
does not require the membrane-bound PG-1 to have the same (, ) angles as in solution. The
C-strand of PG-1 could adopt a more ideal, although not perfect, -sheet structure in the
bilayer, and the same parallel packing conclusion still holds.
1H{13C} REDOR
To further constrain the dimer interface structure, we measured the 1HN–13C’ dipolar
coupling between Cys15 residues in the equimolar mixture of PG-1. As seen above, the 
15N-
13C dipolar coupling between the same two labeled sites is too weak to serve as useful
distance constraints. This is remedied in the 1H-13C REDOR experiment because 1H spins
have a 10-fold larger gyromagnetic ratio than 15N, increasing the dipolar coupling strength.
The 1H{13C} REDOR experiment is based on the principle that only a single proton, the
amide proton directly bonded to the labeled 15N, is measured in terms of its dipolar coupling
to the labeled 13C’. This selective REDOR dephasing is achieved by the use of a short and
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spin-diffusion-free 1H-15N LG-CP, which transfers only the HN magnetization to 15N for
detection, and by homonuclear 1H decoupling during the REDOR mixing time (18, 28).
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Figure 4.6. (a) 15N-detected 1HN{13C’} REDOR spectra of the 1:1 mixture of [13C’-Cys15] PG-1 and [
15N-Cys15]
PG-1 in POPC bilayers (P/L = 1:20) at a mixing time of 1.73 ms. The natural-abundance corrected S/S0 values
are best-fit (solid line) to distances of 2.5 Å and 6.5 Å. To show the uncertainty of the shorter distance, the
REDOR simulations for 2.7 Å and 6.5 Å (dashed line) and for 2.3 Å and 6.5 Å (dotted line) are also shown. A
dimer fraction of 88% is used in all the simulations. (b) Illustration of the intermolecular 13C’-Cys15 to 
1HN-Cys15
distances (red dashed lines) in the NCCN parallel dimer.
Figure 4.6a shows representative 15N-detected 1H{13C} REDOR spectra of the mixed
PG-1 sample and the S/S0 values. The dephasing due to natural abundance 
13C sites had been
corrected by an independent experiment on a 15N-Cys15 labeled PG-1 sample. The S/S0 values
reach a plateau of 0.73 at 2.3 ms. The minimum S/S0 value attainable by a fully dimerized
and 1:1 statistically mixed labeled peptide is 0.50. If the dimer fraction is 88%, then the
minimum possible REDOR intensity would be 1-0.88/2=0.56. Since the measured minimum
REDOR intensity is 0.73, much higher than these two values, the system must contain both a
short and a long distance so that the weak coupling due to the long distance does not
contribute significantly to dephasing. This short and long distance motif (Figure 4.6b) is
consistent with the parallel dimer structure determined from the 13C{19F} REDOR
experiment. The best fit to the C-H REDOR data is obtained using a short distance of 2.5±0.2
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Å and a long distance of 6.5±0.5 Å (Figure 4.6a). The dephasing is primarily sensitive to the
strong coupling: calculated curves using 2.3 Å (dotted line) and 2.7 Å (dashed line) for the
short distance and the same long distance of 6.5 Å deviate noticeably from the experimental
data (Figure 4.6a).
The C-H REDOR data constrain the percentage of dimerization at the P/L of 1:20.
Previous CODEX experiments showed that the dimer fraction is 60% at P/L of 1:35 and 88%
at P/L = 1:12.5 (9). These suggest an intermediate dimer fraction of ~75% at P/L=1:20.
However, the calculated REDOR intensities for the lower dimer fraction are too high
compared to the experimental intensities at long mixing times. In fact, the minimum REDOR
intensity for a 100% dimerized parallel dimer is ~0.73, due to the 1:1 statistically mixed
sample and the combination of a strong and a weak coupling in the parallel dimer structure.
Since the experimental S/S0 value at 2.3 ms is 0.73±0.08, the dimer fraction must be close to
the 90% measured previously for the 1:12.5 sample (9). The similarity of the dimer fraction
at 1:20 and 1:12.5 P/L ratios suggests that dimerization is cooperative: once the peptide
concentration reaches a threshold, dimerization is nearly complete. This cooperativity of
structural transition has been experimentally observed in several antimicrobial peptides,
including PG-1, by X-ray and neutron scattering and by circular dichroism experiments (29,
30). Oligomerization cooivity is also common in other membrane peptides such as the M2
peptide of Influenza A virus (31).
Registry of intermolecular hydrogen bonds
The two NCCN dimer models we considered so far assume that the C-strands are
aligned in register, so that six hydrogen bonds, the maximum possible, are established. We
designate this in-register hydrogen-bonding motif as (i, j). To assess whether this in-register
structure uniquely agrees with the experimental data, we considered the intermolecular
distances in out-of-register packing models. The most likely out-of-register hydrogen
bonding motifs are (i, j-2) and (i, j+4) for parallel packing, and (i, j+2) and (i, j-2) for
antiparallel packing. These were obtained by shifting one C-strand relative to the other by an
even number of residues. The (i, j+2) parallel dimer is isomorphous with the original (i, j)
parallel dimer and thus not considered. Only even-number shifts are possible because every
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other residue on the C-strand forms intramolecular hydrogen bonds with the N-terminal
strand of the same molecule. Based on these models, we calculated the intermolecular 1HN-
13C’ REDOR curves between Cys15 (Figure 4.7). None of the out-of-register packing motifs
agree with the experimental HN-C’ REDOR data. The shift in registry lengthens the distance
significantly so that the REDOR dephasing is minimal compared to the experimental data.
Thus, the in-register parallel packing with six intermolecular hydrogen bonds is the only
structure consistent with the REDOR data.
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Figure 4.7. Simulated HN-C’ REDOR curves for out-of-register NCCN hydrogen-bonding motifs. (a) (i, j-2)
parallel packing. (b) (i, j+4) parallel packing. (c) (i, j+2) antiparallel packing. (d) (i, j-2) antiparallel packing.
None of these out-of-register packing models agree with the experimental data.
Figure 4.8 shows the PG-1 NCCN parallel dimer structure that agrees with all
REDOR distance constraints measured here. The measured REDOR distances are shown as
red dotted lines. The intermolecular hydrogen bonds, formed between the odd-numbered
residues, are shown as black dashed lines. Near the end of the C-strand, the putative
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hydrogen bonds are longer due to the disorder in the solution structure. In the lipid
membrane, these terminal hydrogen bond lengths should shorten since the lipid bilayer is
likely to induce the formation of a more ideal -strand backbone conformation (32).
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Figure 4.8. Structure of the NCCN parallel dimer of PG-1 in POPC bilayers. The measured REDOR distances
are shown as red dotted lines. Intermolecular hydrogen bonds RN-O are indicated as black dashed lines. The
charged Arg residues are indicated by the + signs. The hydrophilic and hydrophobic regions of the peptide
dimer are highlighted by blue and orange shaded areas, respectively, to emphasize the amphipathic character of
the dimer.
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Discussion
While a number of -helical membrane peptides such as K3, glycophorin A, and
PGLa have been shown or postulated to dimerize in the membrane (6, 33-35), few studies of
-sheet peptide aggregation in the lipid bilayer have been reported (36). The current study is
the first time the oligomeric structure of a -hairpin peptide is directly determined in the lipid
bilayer. Based on the dimer stoichiometry established by our previous 19F spin diffusion
experiment, we analyzed the REDOR curves for three heteronuclear couplings, 13C-19F, 1H-
13C, and 13C-15N couplings between C-strand labeled residues. The fact that all three
couplings give measurable REDOR decays indicates that the C-strand of the peptide forms
the oligomeric interface in an NCCN fashion. The long 13C’-19F distances measured between
the covalently well separated Val16 and Phe12 indicates that the two -hairpins are aligned in a
parallel fashion. The intermolecular 1HN-13C’ dipolar coupling between Cys15 residues further
restrains the dimer interface structure, eliminating out-of-register packing motifs that have
fewer than six intermolecular hydrogen bonds.
Is a mixture of dimer packing motifs compatible with the experimental data? For
example, can both NCCN and CNNC dimers coexist in the sample? The 1H-13C and 15N-13C
REDOR data on the Cys15 labeled peptides eliminate this possibility. If CNNC dimers are
present at a significant percentage, then its corresponding Cys15–Cys15 distances would be in
the ~14 Å range. This would produce no dephasing on the experimentally accessible 1H-13C
or the 15N-13C REDOR time scales. Similarly, the shortest HN-C’ distance physically possible
between two Cys15 residues cannot be much shorter than the experimentally measured value
of 2.5±0.2 Å. Thus, it is not possible to fit the experimental 1H{13C} REDOR data by a
combination of long distances from the CNNC or NCNC dimer motifs and short distances
from the NCCN model. This rules out any significant presence of CNNC or NCNC dimers
where the C-strand labels are far away from each other.
On the other hand, the current REDOR data does not rule out the presence of higher-
order oligomers of the type …NCCNNCCN… where every C-strand oligomerizes with
another C-strand and every N-strand interfaces with another N-strand, since no N-strand
labels are used to measure distances between N-strands. While the previous 19F spin diffusion
experiment detected only a dimer, the technique has a distance upper limit of ~15 Å. From
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the 19F-labeled Phe12 on the C-strand, it would not be possible to detect, beyond the
immediate C-strand interface, another 19F spin in the next C-strand interface if it were
present. Thus, an extended like-strand packing motif (NCCN)n can be compatible with the
current REDOR data. Outside the membrane, we found that PG-1 can be induced to form
ordered “fibrils” with a tight C-strand interface and a loose N-strand interface (37). Thus, a
small oligomer that contains more than two -hairpins is conceivable in the lipid membrane.
However, this possibility does not change the conclusions about the C-strand interface
structure obtained from the REDOR data here.
The homo-oligomerization of two C-strands is favored by the strong hydrophobic
nature of the C-strand due to its scarcity of Arg (Figure 4.2). The C-strand residues also have
relatively short sidechains, thus facilitating close packing of the two monomers (38). The
parallel alignment of the hairpins is noteworthy. A solution NMR study of PG-1 in DPC
micelles (39) found that the peptide forms antiparallel NCCN dimers, in contrast to our result
in lipid bilayers, although no information is available on how the antiparallel PG-1 dimer is
incorporated into the micelle. The different alignment likely results from the significant
curvature difference between the small-radius micelles and the flatter and more biological
lipid bilayers. In the lipid bilayer, an important driving force for parallel packing of PG-1
may be the formation of a continuous Arg surface at the -turns. A total of six Arg residues
would cluster in a small region in the parallel dimer, separated from the N- and C-terminal
Arg residues by a region of ten hydrophobic residues (Figure 4.8). Thus, the parallel dimer
has a strongly amphipathic character. The cationic Arg surface at the -turn should have very
favorable electrostatic interactions with the anionic phosphate of the lipid headgroup. The
amphipathic dimer may also insert into the membrane more readily. The crystal structure of
-defensin HNP-3, an antimicrobial peptide containing a -sheet domain, shows an
antiparallel dimer of the -sheet (40) that results in a strong hydrophilic-hydrophobic
separation. This led to the hypothesis that this amphipathic dimer may insert into the lipid
bilayer like a wedge, with the non-polar side facing the lipid acyl chains. The PG-1 parallel
dimer, which has a similarly strong amphipathic character, may also insert into the lipid
membrane more readily. The different packing motifs of PG-1 between the lipid bilayer and
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the micelle underscore the importance of the environment for the oligomerization of
membrane peptides and the plasticity of the PG-1 structure.
The PG-1 parallel dimer has an overall length of ~30 Å. Our previous 1H spin
diffusion measurements showed that the peptide is well inserted into the hydrophobic part of
the POPC membrane (41), which has a P-P distance of ~45 Å. However, the POPC bilayer in
the presence of the peptide shows significant structure distortion, as manifested by the 31P
spectra (13). This suggests that instead of the normal lamellar structure for liquid-crystalline
bilayers, the peptide-bound POPC membrane contains a significant number of defects, such
as toroidal pores, at the location of these PG-1 dimers. How the peptide-membrane
hydrophobic mismatch is resolved at the defect sites will be interesting for further study.
The PG-1 dimer structure reported here is determined in zwitterionic POPC bilayers.
This model membrane oligomeric structure establishes a necessary baseline to which future
structural studies in more biologically relevant membrane compositions can be compared.
Such membranes include bacteria-mimetic anionic lipid bilayers as well as cholesterol-rich
neutral bilayers that mimic red blood cell membranes.
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Abstract
We used solid-state NMR spectroscopy to investigate the oligomeric structure and
insertion of protegrin-1 (PG-1), a -hairpin antimicrobial peptide, in lipid bilayers that mimic
either the bacterial inner membrane (POPE/POPG bilayers) or the red blood cell membrane
(neutral POPC/cholesterol bilayers). 1H spin diffusion from lipids to the peptide indicates that
PG-1 contacts both the lipid acyl chains and headgroups in the anionic membrane, but resides
far from the lipid chains in the POPC/cholesterol bilayer. 19F spin diffusion data indicates that
75% of the -hairpins have homo-dimerized N-strands and C-strands in the anionic
membrane. The resulting (NCCN)n multimer suggests a membrane-inserted -barrel
enclosing a water pore. The lipids surrounding the -barrel have high orientational disorder
and chain upturns, thus may act as fillers for the pore. These findings revise several features
of the toroidal pore model, first proposed for magainin and subsequently applied to PG-1. In
the POPC/cholesterol membrane, the N- and C-strands of PG-1 cluster into tetramers,
suggesting the formation of -sheets on the membrane surface. Thus the membrane
composition plays a decisive role in defining the assembly and insertion of PG-1. The
different oligomeric structures of PG-1 help to explain its greater toxicity for bacteria than
for eukaryotic cells.
Introduction
Antimicrobial peptides (AMPs) are part of the innate immune system of many
animals and plants (1). They protect the host organism against bacterial and fungal attacks by
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destroying the barrier function of the invading microbe’s membrane (2). AMPs selectively
disrupt the microbial cell membranes while maintaining the integrity of the host cell
membranes. This selectivity is commonly believed to result from the different compositions
of the two types of membranes. The most striking difference is that bacterial membranes are
rich in anionic lipids but devoid of cholesterol, while red blood cell (RBC) membranes
contain as much as 50 mol% cholesterol but few anionic lipids in the outer leaflet (3).
However, how different membrane compositions affect the structure of AMPs is unknown.
The oligomeric assembly of AMPs is one structural aspect that may depend on the
membrane composition. Existing models of antimicrobial mechanisms commonly assume
aggregation of these peptides at some stages of their membrane-bound state (4). In the barrel-
stave model (5) and the toroidal pore model (6, 7), the peptides cluster in the pores, while in
the carpet model (8), densely aggregated peptides on the membrane surface thin the
membrane until it micellizes. Yet direct determination of the aggregated structure of AMPs is
scarce. We recently introduced a 19F spin diffusion NMR technique, CODEX (centerband-
only detection of exchange), to determine the oligomeric number and intermolecular
distances of membrane proteins in lipid bilayers (9). In this experiment, distance-dependent
magnetization transfer between singly 19F-labeled peptides reduces the equilibrium intensity
of a spin echo to 1/n, where n is the oligomeric number of the peptide. The time-dependent
change of the echo intensity can be analyzed to extract intermolecular distances up to ~15 Å
(10). Using this method, we showed that the M2 peptide of influenza A virus forms tetramers
in DMPC bilayers (10), while protegrin-1 (PG-1), a -hairpin AMP, has dimerized C-strands
in palmitoyloleoylphosphatidyl-choline (POPC) bilayers (9).
Another distinction among various antimicrobial models is the degree of peptide
insertion into lipid bilayers. The pore models postulate well-inserted peptides while the
carpet model indicates surface-bound peptides. The depth of insertion can be determined by
1H spin diffusion from the lipid chains to the protein (11). The greater the peptide-lipid
separation, the slower the magnetization transfer. Thus, a surface-bound membrane peptide
exhibits slow spin diffusion from the lipid chain protons in the center of the membrane, while
an inserted peptide shows fast spin diffusion.
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In this work, we use 19F and 1H spin diffusion to determine the oligomeric structures
of PG-1 in anionic membranes and cholesterol-containing neutral membranes. PG-1 is a
disulfide-linked -hairpin peptide originally isolated from pig leukocytes (12). It is active
against a broad spectrum of pathogenic microorganisms, with minimum inhibitory
concentrations of 0.1 - 2 µM (13-15). In contrast, the concentrations causing 50% lysis of
human erythrocytes are 12 - 80 µM (14, 16) and even higher for sheep and pigs (13). Thus
PG-1 is at least ten fold more selective against microbial cells than mammalian erythrocytes.
The activity and the -sheet conformation (17) of PG-1 are representative of many AMPs
such as human defensins (12). Thus, understanding the effect of membrane composition on
PG-1’s oligomeric structure may provide general insight into the origin of selective
membrane disruption. We find that PG-1 adopts dramatically different oligomeric structures
between the anionic membrane and the cholesterol-containing membrane, and the structure in
the anionic membrane revises existing concepts of pore formation.
Results
Membrane insertion of PG-1 in anionic and cholesterol-containing membranes
PG-1 structure was investigated in two lipid bilayers. The anionic
palmitoyloleoylphosphatidyl-ethanolamine and palmitoyloleoylphosphatidylglycerol
(POPE/POPG) bilayer (mole ratio 3 : 1) mimics the bacterial inner membrane, while the
neutral POPC/cholesterol bilayer (mole ratio 1.2 : 1) resembles the RBC membrane. The
high cholesterol concentration (45 mol%) of the latter is required to remove the PG-1
induced isotropic peak in the 31P spectra, which is indicative of bilayer disruption into
micelles or small vesicles (SFig. A1, refer Appendix A).
A 2D 13C-detected 1H spin diffusion experiment was conducted to determine the
depth of insertion of PG-1. Fig. 5.1a shows a representative 2D spectrum at tm = 400 ms. The
peptide is labeled with Val16 
13C’ (172 ppm) and Leu5 
13C (51 ppm), thus cross peaks
between these and the lipid chain CH2 (1.3 ppm) or CH3 (0.9 ppm) signals indicate spin
diffusion from the acyl chains to the peptide. Fig. 5.1b shows the 1H cross-sections of Leu5
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C at several tm values. The lipid CH2 peak is visible at tm as short as 100 ms, indicating that
PG-1 is in close proximity with the hydrophobic center of the membrane.
Figure 5.1. (a) 2D 13C-detected 1H spin diffusion spectrum of POPE/POPG (3:1) bilayers with (13C-Leu5,
13C’-Val16) PG-1 at tm = 400 ms. (b) Leu C  1H cross sections for various tm. The CH2 and CH3 signals are
already visible at 100 ms. The 1H one-pulse spectrum is shown at the top for comparison. (c) CH2 (open circles)
and H2O (filled squares) buildup curves. The best-fit for both is obtained with a distance of 2 Å from the
peptide, using DL=0.012 nm
2/ms, DI=0.00125 nm
2/ms, DW = 0.03 nm
2/ms, and DP = 0.3 nm
2/ms.
To extract distances, we analyze the cross-peak intensities as a function of tm. The
intensities are read off from peak heights in the 1D cross sections, corrected for 1H T1
relaxation (~700 ms for H2O and CH3 and ~600 ms for CH2), and normalized with respect to
the maximum H2O intensity at tm = 100 ms. Since the equilibrium intensities of CH2 and CH3
peaks are only 36% and 14%, respectively, of the H2O intensity (Fig. 5.1b top spectrum), the
CHn (n = 2, 3) buildup curves are further scaled by these factors to account for the fact that
even at full spin diffusion equilibrium these cross peaks are lower than the H2O peak. The
normalized CH2 and CH3 intensities give the same buildup curves, thus we analyze only the
higher-sensitivity CH2 data below.
Fig. 5.1c shows the buildup curves of the H2O and CH2 peaks of the anionic
membrane. To fit the data, we calculate magnetization (Mi) transfer as a discrete process
along the bilayer normal using Mi t = 2Mi +Mi+1 +Mi1, where the transfer rate 
90
depends on the diffusion coefficients of the lipid (DL), water (DW), peptide (DP), and peptide-
lipid or peptide-water interface (DI). DL and DP were estimated previously (11, 18) to be
0.012 nm2/ms and 0.3 nm2/ms, respectively. The buildup curve is mainly determined by the
thickness of the soft membrane separating the source proton and the closest peptide residue,
since its small DL limits the rate of spin diffusion. This is the distance of interest. The
interfacial DI is an adjustable parameter in the simulation: it can be an order of magnitude
smaller than DL due to the transient nature of the peptide-lipid association. Fortunately, the
effect of DI on the buildup curve can be reasonably distinguished from the effect of the
peptide-lipid separation (SFig. A2, refer Appendix A).
Using DI = 0.00125 nm
2/ms, we obtained the best fit for the CH2 buildup with a
peptide-lipid distance of ~2 Å. Thus, PG-1 is in close contact with the acyl chains of the
POPE/POPG bilayer. The H2O buildup also fits to a ~2 Å distance, indicating that PG-1 also
contacts the membrane surface. Due to the approximate nature of DL and DI values, we
estimate the uncertainties of these distances to be ± 2 Å.
The 1H spin diffusion of PG-1 in POPC/cholesterol bilayers differs dramatically from
the anionic membrane case. While the CH2-peptide cross peak is clearly visible at 529 ms
(Fig. 5.2a), it is completely absent until 225 ms (Fig. 5.2b). This suggests that PG-1 does not
insert into the hydrophobic part of the POPC/cholesterol bilayer. In contrast, the H2O buildup
is rapid, reaching a plateau at 100 ms. The T1- and equilibrium-intensity-corrected buildup
curves (Fig. 5.2c) quantitatively exhibit the different rates of spin diffusion from these two
types of protons. The decay of the H2O intensity at longer times is due to net polarization loss
to PG-1 and the lipids. Using the 1D lattice model, we find the best fit to the CH3 data at 20 ±
2 Å and the H2O data at 2± 2 Å, indicating that PG-1 lies on the surface of the bilayer, away
from the center of the membrane. For the CH3 curve, a small DI of 2.5x10
-4 nm2/ms was
required to reproduce the small slope of the buildup while the large distance reproduces the
slow onset of spin diffusion.
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Figure 5.2. (a) 2D 13C-detected 1H spin diffusion spectra of POPC/cholesterol (1.2:1) membranes with (13C-
Leu5, 
13C’-Val16) PG-1 at tm= 529 ms. Assignment for lipid and cholesterol (italic) 
13C peaks is indicated in
addition to the two peptide labels. (b) Combined 1H cross sections for Leu5 C and Val16 13C’. The CH2 and CH3
peaks are absent until 225 ms. The 1H one-pulse spectrum is shown at the top. (c) CH3 (open circles) and H2O
(filled squares) buildup curves, best fit by distances of 20 Å and 2 Å, respectively, from the peptide. DL=0.012
nm2/ms, DI=0.00025 nm
2/ms, DW = 0.03 nm
2/ms.
PG-1 oligomerization in anionic membranes.
To determine the oligomeric structure of PG-1, we carried out the 19F CODEX
experiment. Two 19F-labeled peptides were used: one with 4-19F-Phg12 near the -turn on the
C-terminal strand (C-strand), and the other with 4-19F-Phg7 on the N-terminal strand (N-
strand). The replacement of Phe by Phg, which does not have a -CH2 group, removes 1
torsional freedom, thus eliminating one possible mechanism of motional exchange.
Antimicrobial assays indicate that Phg-containing PG-1 has very similar activities as wild-
type PG-1 (SFig. A3, refer Appendix A).  The remaining motion, 180˚ flip of the ring, does
not change the 19F position or the 19F chemical shift tensor orientation, thus cannot cause
exchange during tm. To minimize possible slow backbone motion, which could interfere with
spin diffusion, the experiments were carried out at temperatures well below the phase
transition temperature (~291 K) of the POPE/POPG bilayer (225 K for Phg12-PG-1 and 233
K for Phg7-PG-1).
Fig. 5.3 shows normalized exchange intensities of 4F-Phg12-PG-1 (a) and 4F-Phg7-
PG-1 (b) in POPE/POPG membranes. Phg12-PG-1 shows an equilibrium value, (S/S0)eq, of
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0.45 while Phg7-PG-1 exhibits a higher (S/S0)eq of 0.62. Thus each 
19F spin on average
experiences couplings to one other 19F within a radius of ~15 Å. The Phg12 (S/S0)eq of < 0.5
suggests that spin diffusion to a third, more remote 19F spin is partly detected. On the other
hand, the Phg7 (S/S0)eq of > 0.5 is possible only if some monomers (with (S/S0)eq=1) coexist
with oligomers. The simplest oligomer is a dimer, in which case a dimer fraction of 75% and
a monomer fraction of 25% are required to give the observed (S/S0)eq=0.62.
Figure 5.3. 19F  CODEX data of (a) 4F-Phg12-PG-1 and (b) 4F-Phg7-PG-1 in POPE/POPG bilayers. S0 and S
spectra at tm = 1 s are shown for each sample. The data in (a) is best fit with a 60% : 40% mixture of a 9.0±0.5
Å and a 5.0±0.5 Å nearest-neighbor distance. The best-fit for (b) is obtained with a 75% : 25% mixture of a
dimer with a distance of 6.5 Å and a monomer.
In addition to the different (S/S0)eq, the two 4F-Phg residues show different decay
constants (SD). Phg12 exhibits a SD of 1.2 ± 0.4 s mixed with an initial fast component of
0.008 ± 0.002 s, while Phg7-PG-1 has a single-exponential SD of 0.06 ± 0.01 s. To extract
quantitative distances, we simulated the tm–dependent curves using a rate-matrix approach.
The tm-dependence of diffusion among n spins is described by 
  
 
M tm( ) = e
 ˆ K tm  M (0) , where ˆ K 
is an n-dimensional exchange matrix containing the rate constants kij. These rate constants
depend on the F-F dipolar couplings, ij, and a spectral overlap integral, F(0), between the
exchanging spins (19). With a known F(0), dipolar couplings can be extracted from curve
fitting, from which distances can be derived as 
  
ij = 2µ0 4( ) rij3 . We recently determined
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the 19F F(0) value to be 37 µs at 8 kHz MAS, using model compounds with known crystal
structures (10).
Using this rate-matrix approach, we find the Phg7 data is best fit by a 75%:25%
mixture of a two-spin cluster with a distance of 6.5 Å and an isolated spin (Fig. 5.3b). For
Phg12, a 60%:40% mixture of a distance of 9.0±0.5 Å and 5.0±0.5 Å fit the data well. The
mixture is necessitated by the bi-exponentiality of the decay: the short distance fits the fast
initial decay while the long distance fits the slow decay. Note that these 19F-19F distances
obtained here using CODEX are more quantitative than the 1H spin diffusion distances.
Since the Phg7 data indicates 75% dimerization of the N-strand, the (S/S0)eq of less
than 0.5 for Phg12 is most likely due to the presence of an additional 4F-Phg12 ~15 Å away on
a third hairpin. Indeed, simulations show that a four-spin cluster with the next-nearest-
neighbor distance of 15 Å in addition to the nearest distance of 9 Å or 5 Å better reproduces
(S/S0)eq. An odd-number cluster is ruled out by the double-stranded nature of the hairpin and
the average cluster size of two for each 19F label. On the other hand, even-number clusters
larger than four are possible since the detection limit is 15 Å.
To verify whether residual motion contributes to the fast exchange at short times (Fig.
5.3a), we measured the Phg12 50 ms CODEX at 225 K, 230 K and 240 K. The 240 K data
gave a significantly lower S/S0 of 0.60 ± 0.06, indicating the presence of motional exchange.
However, at 230 K S/S0 = 0.72 ± 0.05, which is indistinguishable from the value of 0.75 ±
0.07 at 225 K. Thus, the main mechanism of exchange at 225 K is spin diffusion.
Taking the majority conformer for Phg12 (60%) and Phg7 (75%), we consider the
structure of the dominant fraction, 45% (=60%x75%), of PG-1 in POPE/POPG bilayers.
Only four molecules (A-D) are shown in Fig. 5.4a for clarity. The -hairpins pack in parallel.
The C-strand interfaces satisfy the Phg12
A,C Phg12B,D  F-F distance of 9 Å, as well as previously
measured Val16 C’ – Phe12 4F distances of 9.3 Å and 16 Å, and Cys15 C’ – Cys15 H
N distances
of 2.5 Å and 6.5 Å (20). The N-strand is constrained by only the Phg7 Phg7  distance
(6.5Å), thus multiple packing motifs are possible. These can be distinguished by whether the
dimer CD is only translated from the dimer AB or whether the dimer CD is both rotated and
translated from the dimer AB. For the former, the outermost N-strands are isolated unless
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more peptides are oligomerized. To satisfy the 75% dimer fraction, at least eight hairpins
must be packed in a sheet to have the right fraction of monomers. Such a flat -sheet is
unlikely to be inserted into the 2D membrane as dictated by the 1H spin diffusion data. Thus,
the motif where the dimers are rotated from each other around the long axis of the molecule
is more likely. The resulting curved (NCCN)n (n>1) multimer suggests a -barrel that closes
onto itself, satisfying the two-spin requirement of each 19F label as well as forming hydrogen
bonds for each -strand. This -barrel surrounds a water pore, whose diameter can be
estimated from size-dependent blockage of PG-1 pores by polyethylene glycol (PEG) across
E. coli inner membranes (21, 22). PEG molecules with hydrodynamic radii (RH) up to 0.94
nm allowed membrane permeabilization, while those with RH=1.05nm blocked
permeabilization by PG-1 (unpublished data). Thus, the diameter of the water pore is at most
~21 Å, which is possible with eight or ten peptides (Fig. 5.4b).
Figure 5.4. Model of PG-1 -barrel in POPE/POPG membrane. (a) Side view. The two dimers are rotated from
each other along the molecular axis. Pore-lining lipids are orientationally disordered and have chain upturns. (b)
Top view. An octameric PG-1 complex surrounds a water pore of ~21 Å diameter. The outer diameter of the
pore is ~42 Å.
The (NCCN)n (n>1) -barrel is the dominant component of a heterogeneous
mixture. The other oligomeric structures include a 30% (=40%x75%) fraction of multimers
with more compact C-strand interfaces (Phg12-Phg12 5 Å) and a 25% fraction of NCCN
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dimers without an N-strand interface. The latter is consistent with PG-1 fibrilization data
indicating that the N-strand interface is looser than the C-strand interface, perhaps as a result
of the cationic Arg4 in the middle of the hydrophobic N-strand (23).
PG-1 oligomerization in POPC/cholesterol membranes.
19F spin diffusion of PG-1 in POPC/cholesterol bilayers differs significantly from the
case in the anionic membrane. (S/S0)eq values of ~0.25 are observed for both Phe12-PG-1 and
Phg7-PG-1 (Fig. 5.5), indicating that each 
19F resides in a four-spin cluster. The Phe12 decay,
acquired at 230 K and a P/L of 1:8, was reproduced at tm=0.5s and 2s on Phg12-PG-1 at 225
K and P/L=1:12.5. The use of Phg and the lower temperature both reduce the possibility of
motional exchange, thus should increase S/S0 if motion were present in the 1:8 sample. The
lower peptide concentration will also increase S/S0 if oligomerization is incomplete at 1:12.5.
Figure 5.5. 19F CODEX data of (a) 4F-Phe12-PG-1 and (b) 4F-Phg7-PG-1 in POPC/cholesterol bilayers. Both
show (S/S0)eq of ~0.25, indicating four-spin clusters. Simulations using a square geometry gave a side length of
8.5 Å for (a) and 7.2 Å for (b).
The fact that identical S/S0 values were found is a strong proof that the measured
exchange is purely due to spin diffusion, and the average oligomeric size of four is constant
between the two concentrations. We also tested the exchange mechanism of Phg7-PG-1 in the
POPC/cholesterol/trehalose membrane. The experiment was repeated at 248 K versus 233 K
for the full experiment. The S/S0 values remained the same at tm = 20 ms and 1s, indicating
that no slow motion is present between 233 K and 248 K.
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The CODEX decays were simulated assuming a symmetric tetramer model, so that
the 4 x 4 rate matrix depends only on one distance, the length of the square (Fig. 5.5). For
Phe12, the best-fit distance is 8.5 Å while the Phg7 data gives a distance of 7.2 Å.
Figure 5.6. A model of PG-1 structure in POPC/cholesterol bilayers.  (a) PG-1 aggregates into -sheets on the
membrane surface. Cholesterol is embedded in the acyl chain and glycerol regions, exerting a negative
curvature strain that prevents PG-1 insertion. (b) The -sheets yield four-spin clusters for Phe12 and Phg7. The
molecules in the two -sheets are not aligned.
To obtain tetrameric clusters for both Phe12 and Phg7, the most likely packing motif is
-sheet on the surface of the POPC/cholesterol bilayer (Fig. 5.6a). The Phe12 cluster may be
formed by two apposing NCCN dimers where four -turns aggregate (Fig. 5.6b). The Phg7
cluster cannot be easily formed in one -sheet since only two N-strands can pack closely in a
plane. Thus two -sheets may be stacked to produce the four-spin cluster (Fig. 5.6b).
Discussion
The above experiments indicate that PG-1 has distinct oligomeric structures and
insertion states in bacteria-mimetic anionic membranes and RBC-mimetic POPC/cholesterol
membranes. In the anionic membrane, PG-1 contacts both the lipid headgroup and acyl
chains and is thus well inserted. The peptide assembles into (NCCN)n multimers whose like-
stranded interfaces are constrained not only by F-F distances but also by previously measured
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heteronuclear distances in POPC bilayers (20), which indicated parallel packed and
hydrogen-bonded C-strands. Such a hydrogen-bond stabilized (NCCN)n multimer strongly
suggests the formation of a -barrel.
Pore formation by PG-1 is known from a number of experiments. Conductance
measurements indicated that PG-1 induces weakly anion selective channels in both planar
bilayers and Xenopus oocytes (24, 25). Scanning electron micrographs showed multiple,
annular structures on the outer membranes of N. gonorrhoeae (26) and other protegrin-
treated Gram-negative bacteria. Neutron diffraction patterns indicate that PG-1-containing
fluid DMPC membranes have D2O-filled pores that become correlated across different
bilayers as the membrane is dehydrated or cooled (27). None of these studies, however,
yielded the molecular structure of PG-1 at the pores. The current solid-state NMR data fills
this gap. Based on the intermolecular distances and the estimated pore inner diameter of 21
Å, the PG-1 -barrel most likely contains four to five NCCN dimers, resulting in a pore outer
diameter of ~42 Å.
A well-defined oligomeric -barrel contradicts an important feature of the toroidal
pore model for PG-1, in which the lipids in one leaflet bend toward the other to make the two
leaflets continuous (7, 28). This lipid disorder has been seen in 31P NMR spectra of PG-1-
containing membranes (29, 30). One hypothesis of the model is that the peptides in the pores
are monomeric and act as fillers to relieve membrane bending stress (7). This is inconsistent
with the current data. Instead, the PG-1 -barrel has tight C-strand interfaces, where the
shortest intermolecular distance is 2.5 Å between Cys15 C’ and Cys15 H
N (20). Even the N-
strand interfaces, with fewer distance constraints so far, have a remarkably short Phg7–Phg7
distance (6.5 Å) and a high percentage (75%) of dimerization. The extensive oligomerization
is fully consistent with the lack of PG-1 mobility in POPC membranes (31), which interact
with PG-1 similarly as POPE/POPG membranes (30). The PG-1 -barrel resembles the
multimeric pore proposed for HNP-2, a human -defensin containing similar Cys-linked -
strands (32). The HNP-2 annulus, surrounding a pore with a maximum diameter of 25 Å, was
hypothesized to contain 6-8 dimers, whose amphipathic structure had been observed in the
crystalline, non-lipidic state (33).
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With the -barrel forming the core of the toroidal pore, we propose that it is the lipids
rather than the peptide that act as fillers of the pore. The pore-lining lipids have high
orientational disorder. 31P lineshapes of glass-plate aligned POPE/POPG bilayers indicate a
nonlamellar fraction of ~50% at P/L = 1:25 (30). At P/L = 1:12.5, the disordered fraction
should be even higher. However, the original proposal that the pore lining is completely
covered by lipid headgroups contradicts the 1H spin diffusion data showing close contact
between the lipid chains and the peptide. It also disagrees with the negative curvature of
POPE, whose headgroup is smaller than the chain in the cross sectional area. To resolve
these conflicts, we propose that the lipids lining the pore have significant chain upturns and
residual orientations parallel to the pore axis (Fig. 5.4a). Chain upturns have been observed
even in lamellar bilayers (34) and may be quite common in defect regions of the membrane.
Moreover, since the PG-1 barrel is only ~30 Å thick while the POPE/POPG membrane is
~45 Å thick, the lipids above and below the -barrel may be packed in such a way as to allow
both headgroup and chain contacts with the peptide. Evidence that the pore-rich membrane is
not thinned by PG-1 is found in 2H quadrupolar spectra of d31-POPC (29). A reduction of 
2H
quadrupolar couplings is known to denote membrane thinning. We found that the 2H
splittings are unchanged by PG-1 binding, suggesting that the POPC membrane is not
thinned by PG-1.
The 25% of PG-1 that forms NCCN dimers are likely inserted into the residual
lamellar portion of the bilayer. The presence of small dimers is understandable since
aggregation is a cooperative, concentration-dependent phenomenon (35). The dimers may act
as nucleating units for the -barrels. C-strand dimers of PG-1 are present even in
dodecylphosphocholine micelles, indicating the strong oligomerization propensity of this
hydrophobic chain (36).
In contrast to the anionic membrane, PG-1 does not insert into the POPC/cholesterol
bilayer. The shortest distance from PG-1 to the lipid methyl protons is 20 Å. The CH3
buildup curve is very similar to that of a DNA-lipid complex, where the anionic DNA is
sandwiched between bilayers with cationic headgroups, 20 Å from the bilayer center (11).
The surface location of PG-1 in POPC/cholesterol bilayers is reasonable, since cholesterol
inserts into the hydrophobic and glycerol regions of the bilayer (37), thus should exert a
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negative curvature strain that counters PG-1 insertion (Fig. 5.6a). The rigid sterol rings of
cholesterol also help to reduce the membrane elasticity, making it more difficult for the
bilayer to deform to accommodate PG-1 insertion. Lamellar X-ray diffraction data suggest
that PG-1 undergoes a transition from a surface-bound state to an inserted state near
P/L=1:40 in cholesterol-free phosphocholine bilayers (38). Thus, the fact that PG-1 remains
surface-bound at a much higher concentration in POPC/cholesterol bilayers is interesting,
and indicates that peptide insertion is sensitively influenced by the membrane composition.
The four-spin cluster of Phg7 requires the local stacking of two -sheets since only
two N-strands can pack closely in each sheet. The -sheets can be small, containing as few as
eight peptides. The hairpins in the two sheets must not be aligned, in order that the Phg12
cluster size does not extend appreciably beyond four. The two -sheets may pack between
the bilayers: at 35-50 wt% H2O, the hydration layer in multilamellar POPC/cholesterol
membranes is ~25 Å thick (39), enough to accommodate two but not more -sheets. More
likely, the peptide may aggregate on the outer surface of the liposome in a more disordered
fashion. In either case, the effective surface concentration of the peptide is reduced by
stacking, which decreases the lytic ability of PG-1 (40).
It should be pointed out that PG-1’s hemolytic activities differ among mammals: for
example, it is substantially more active against human RBC than those of ruminants (cattle
and sheep) or pigs (13). This may reflect the interspecies variation of erythrocyte
membranes, such as the asymmetric distribution of phospholipids in the outer and inner
leaflets, their different phospholipid compositions, and the presence of embedded
(glyco)proteins (41).
In both the -barrel and the -sheet structure, the Arg-rich -turn of the peptide
clusters together, causing as many as six or twelve Arg’s to aggregate. Clustering of like-
charged ions, while counter-intuitive at first, is common in ionic polymers such as Nafion
(42, 43). In PG-1, the Arg clusters are most likely solvated by the phosphate headgroups.
Indeed, guanidinium – phosphate complexes are known to be very stable due to multiple
hydrogen bonds (44, 45).
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The PG-1 -barrel and -sheet models proposed here for the anionic and cholesterol-
containing membranes can be refined by measuring more intermolecular distance constraints,
especially at the N-strand interface. Heteronuclear distance experiments involving high-
frequency nuclei such as 1H and 19F will be particularly useful for this purpose. In
comparison, structural information about lipid packing around the peptide will necessarily
remain statistical due to the inherent disorder of the lipid membrane.
Materials and Methods
Materials
PG-1 (NH2-RGGRLCYCRRRFCVCVGR-CONH2) was synthesized using Fmoc
solid-phase chemistry and purified by reverse-phase HPLC as described before (29). The
crude peptide was reduced in a 0.01% acetic acid solution with excess Tris(2-
carboxyethyl)phosphine hydrochloride at 37˚C for 30 minutes. Folding and oxidation were
achieved by dissolving the reduced peptide in 0.1% acetic acid, adjusting the pH to 7.4 with
ammonium hydroxide, then stirring the solution at 25˚C for 48 hours. Peptides with 4F-Phg
contain a racemic mixture of D and L forms (46), which were separated by HPLC. The L
fraction was identified using Marfey’s reagent (47), then further purified by size exclusion
chromatography to remove trifluoroacetate ions (TFA), which interfere with the 19F NMR
experiments. The peptides were exhaustively dialyzed to remove salt. The purity of the
peptide was assessed by MALDI-TOF mass spectrometry, analytical HPLC, and 19F solution
NMR.
Membrane sample preparation
PG-1 and lipids were initially mixed either in chloroform or in aqueous solution. For
the former, the organic solvent was vacuum dried, then the membrane film was hydrated to
35 wt% water. For the latter, large unilamellar lipid vesicles were prepared by freeze-
thawing, the peptide was mixed with the vesicle solution, then the mixture was
ultracentrifuged to give a membrane pellet containing ~50 wt% water. Cholesterol-
containing samples were prepared in both ways and gave the same oligomeric state based on
101
the CODEX experiment. The POPE/POPG samples were prepared in the aqueous phase and
PG-1 binding was found to be quantitative (>90%) by UV/Vis absorption.
For membranes containing Phg7-PG-1, 20 wt% trehalose was added and the
membrane mixtures were lyophilized for the NMR experiments. Trehalose preserves the
lameller structure of dry membranes in the absence of water by replacing the hydration water
around the lipid headgroups (48). Small amounts of trehalose raise the phase transition
temperature of the lipid bilayer compared to the hydrated bilayer, thus reducing lipid motion
(49) and allowing the CODEX experiments to be conducted at milder temperatures (M. T.,
unpublished data). Experiments on hydrated and trehalose-containing POPC membranes
confirmed that the oligomeric state of PG-1 is the same between the two.
All membrane samples have a peptide-lipid molar ratio (P/L) of 1:12.5, except for the
4F-Phe12-PG-1 sample in the POPC/cholesterol bilayer, which has P/L=1:8. Only
phospholipids, not cholesterol and trehalose, are included in the mole ratio calculation.
Solid-state NMR spectroscopy
NMR experiments were carried out on a Bruker DSX-400 spectrometer operating at a
resonance frequency of 400.5 MHz for 1H, 376.8 MHz for 19F and 100.7 MHz for 13C. The
19F experiments were conducted on a H/F/X probe at spinning speeds of 6.5, 7, and 8 kHz.
Cross-polarization (CP) contact times were 0.2 – 0.5ms. 13C and 19F chemical shifts were
referenced externally to the -glycine 13C’ signal at 176.49ppm and the Teflon 19F signal at
–122 ppm, respectively.
2D 13C-detected 1H spin-diffusion experiments were conducted at 298K at 4 or 5 kHz
MAS. After 1H evolution, a mixing time (tm) of 16–529 ms was applied to transfer 
1H
magnetization from the mobile lipids and water to the peptide, which was then detected
through 13C. To ensure that only the mobile lipid and water polarization served as the source
of spin diffusion, a 1H T2 relaxation filter of 2 ms was applied prior to 
1H chemical shift
evolution and spin diffusion to suppress the 1H polarization of the rigid peptide. 1D 13C
spectra obtained without 1H spin diffusion confirmed that the 2 ms 1H T2 filter completely
suppressed the peptide signals while retaining the lipid signals (SFig. A4, refer Appendix A).
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In the CODEX experiments, 19F CSA was recoupled before and after tm using a -
pulse-containing rotor period. The recoupling time is 2r. At 6.5 - 8 kHz MAS, and with a 19F
CSA (=zz-iso) of 52 ppm, this amounts to 2 2r  = 10 - 12, which is large enough to
detect orientation differences as small as 20˚ (50). A control experiment (S0) was carried out
in which the z-filter time (10 µs) and tm were interchanged from those of the exchange
experiment (S). The normalized intensity, S/S0, indicates spin exchange without 
19F T1
relaxation, and is monitored as a function of tm.
The uncertainties of S/S0, S S0 , were propagated from the signal-to-noise ratios
(SNR) of the S0 and S spectra according to S S0 = S S0( )  S0
2
+ S2[ ]
1 2
, where  is 1/SNR (20).
Sideband intensities were included in the SNR calculation using
SNRtotal = SNR0  Pi2i P02( ) , where P0 is the intensity of the highest peak of the spectrum.
PG-1 oligomeric structures were built and visualized in Insight II, starting from the
solution-NMR monomer structure (17). Phe12 and Tyr7 were changed to L-Phg by replacing
the sidechains with a benzene ring. Recently determined C-F, C-H, and C-N distances (20)
and the F-F distances are combined to constrain the intermolecular interfaces.
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Chapter 6
Membrane-Disruptive Abilities of -Hairpin Antimicrobial Peptides Correlate with
Conformation and Activity: A 31P and 1H NMR Study
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Abstract
The membrane interaction and solution conformation of two mutants of the -hairpin
antimicrobial peptide, protegrin-1 (PG-1), are investigated to understand the structural
determinants of antimicrobial potency.  One mutant, [A6,8,13,15] PG-1, does not have the two
disulfide bonds in wild-type PG-1, while the other, [4,18 G10] PG-1, has only half the number
of cationic residues. 31P solid-state NMR lineshapes of uniaxially aligned membranes
indicate that the membrane disorder induced by the three peptides decreases in the order of
PG-1 > [4,18 G10] PG-1 >> [A6,8,13,15] PG-1. Solution NMR studies of the two mutant peptides
indicate that [4,18 G10] PG-1 preserves the -hairpin fold of the wild-type peptide while
[A6,8,13,15] PG-1 adopts a random coil conformation. These NMR results correlate well with
the known activities of these peptides. Thus, for this class of peptides, the presence of a -
hairpin fold is more essential than the number of cationic charges for antimicrobial activity.
This study indicates that 31P NMR lineshapes of uniaxially aligned membranes are well
correlated with antimicrobial activity, and can be used as a diagnostic tool to understand the
peptide-lipid interactions of these antimicrobial peptides.
Introduction
The peptide-lipid interactions of an increasing number of antimicrobial peptides have
recently been examined using 31P NMR (for review, see [1, 2]). The 31P spectra provide rich
information on the response of lipid bilayers to peptide binding, which in turn shed light on
the mechanism of action of these peptides. 31P chemical shift anisotropy (CSA) is a sensitive
107
probe of both the lipid phase and the headgroup conformation [3]. The 100% natural
abundance and the high gyromagnetic ratio of the 31P spin further make 31P NMR a practical
probe of peptide-lipid interactions. While wide-line 31P CSA spectra of unoriented
proteoliposomes were commonly measured and analyzed, the signals of non-lamellar lipids
induced by the peptide usually overlap with the powder pattern of the remaining lamellar
bilayer.  This spectral overlap limits the structural information that can be extracted [4-6]. To
resolve multiple lipid morphologies, macroscopically oriented samples can be prepared for
which the 31P signal of each distinct lipid phase is narrowed to a single anisotropic frequency.
A number of peptides such as PG-1, RTD-1, LL-37, and MSI-78 [7-11], have recently been
investigated using this uniaxial alignment approach.
Despite the increasing knowledge of the peptide-induced changes of membrane
morphology and dynamics, it is not clear whether the observed deviations of the 31P spectral
lineshape from that of the lamellar L phase occur specifically for membrane-lytic peptides,
or whether they are generally true even for non-membrane disruptive peptides as long as the
peptide concentration is sufficiently high. Another common underlying assumption in using
31P NMR for understanding peptide-lipid interaction is that the amount of the non-lamellar
lipid signals correlates with antimicrobial potency. This assumption remains to be verified. If
the membrane disorder seen in the 31P spectra can indeed be correlated with biological
activity, then one may use 31P NMR as a simple molecular diagnostic tool of the
antimicrobial activities of these peptides. In addition to establishing a correlation between 31P
spectral disorder and antimicrobial activity, it is important to understand whether and how
the conformation of a peptide, dictated by its amino acid sequence, affects its membrane
disruptive ability.
In this study, we combine 31P solid-state NMR and 1H solution NMR to examine the
membrane-disruptive ability and the solution conformation of two PG-1 derivatives, and
relate these to the known antimicrobial activities of these peptides. Protegrin-1 (PG-1) is a -
hairpin peptide with potent and broad-spectrum antimicrobial activities [12, 13]. It contains
six Arg residues distributed at the two ends of the hairpin, and is stabilized by two cross-
strand disulfide bonds. Two PG-1 mutants are studied here. [A6,8,13,15] PG-1 replaces all four
Cys residues with Ala, while [4,18 G10] PG-1 reduces the number of cationic residues from
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six to three compared to the wild-type peptide (Figure 6.1). The activities of these two
mutants have been measured before and found to be more than an order of magnitude weaker
than wild type PG-1 [14].  We show here that there is indeed a clear correlation among
membrane disorder, the peptide conformation, and the antimicrobial activity. The least
structured peptide causes the weakest membrane disruption and is also the one with the
lowest antimicrobial activity.
Figure 6.1. Amino acid sequence of wild-type PG-1 and its two derivatives,  [A6,8,13,15] PG-1 and [4,18 G10] PG-
1.
Materials and Methods
Materials
All lipids were purchased from Avanti Polar Lipids (Alabaster, AL) and used without
further purification. PG-1 (NH2-RGGRLCYCRRRFCVCVGR-CONH2), [A6,8,13,15] PG-1 and
[4,18 G10] PG-1 were synthesized using Fmoc solid-phase peptide synthesis protocols as
described previously [7]. In [A6,8,13,15] PG-1 (NH2-RGGRLAYARRRF AVAVGR-CONH2),
the four Cys residues are replaced by Ala. In [ 4,18 G10] PG-1 (NH2-
RGGLCYCRGRFCVCVG-CONH2), two Arg residues at the N- and C-termini are deleted
and Arg10 at the hairpin tip is replaced by a Gly (Figure 6.1).
Sample Preparation
Glass-plate oriented membranes were prepared using a naphthalene-incorporated
procedure [15]. The peptide was dissolved in TFE and mixed with a chloroform solution of
the desired lipids. The mixture was dried under a stream of N2 gas and the dried film was
redissolved in a 2:1 mixture of chloroform/TFE containing a five-fold excess of naphthalene
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with respect to the lipids. The solution was deposited on glass plates (Marienfeld Laboratory
Glassware) of ~80µm thickness and 6 x 12mm2 size at a concentration of 0.01 – 0.02
mg/mm2. The sample was air-dried for 2 hours and then vacuum dried for 5 hours to remove
all the solvents and naphthalene. The dried membranes were hydrated first by direct
deposition of ~1 µL of water per plate and then at 95% relative humidity over a saturated
solution of Na2HPO4 for 2-3 days. All samples were hydrated at room temperature except
DMPC, which was hydrated at 30º C. Subsequently, the glass plates were stacked, wrapped
in parafilm and sealed in a polyethylene bag to prevent dehydration. To ensure
reproducibility, most membrane sample series as a function of peptide concentration were
repeated 2-3 times. The orientational disorder seen in the 31P spectra below reflects the
average of these multiple runs.
Solution NMR samples were prepared by dissolving the peptides in a 5mM sodium
phosphate buffer in 9/1 H2O/D2O at pH 6.5. The peptide concentrations were ~3 mM.
NMR Spectroscopy
Static solid-state 31P experiments on oriented peptide-lipid mixtures were carried out
on a Bruker DSX-400 spectrometer operating at a resonance frequency of 162.12 MHz for
31P and 400.49 MHz for 1H. A double-resonance probe equipped with a custom-designed
rectangular coil with the dimensions of 6 x 12 x 5 mm was used. The samples were inserted
into the magnet with the alignment axis parallel to the external magnetic field. The 31P
chemical shift was referenced externally to liquid phosphoric acid at 0 ppm. The experiments
used a 31P 90˚ excitation pulse of 5 µs, a 1H decoupling field strength of ~50 kHz, and a
recycle delay of 2 s. All 31P spectra were processed with a LB of –10 and a GB of 0.05.
All 1H solution spectra were recorded on a Bruker DRX-500 spectrometer operating
at a 1H frequency of 499.867 MHz. TOCSY, NOESY and COSY spectra were acquired using
standard protocols [16]. The 1H chemical shift was externally referenced to DSS. Solvent
suppression was achieved using the WATERGATE method [17]. Mixing times were 100 ms
for TOCSY and 300 ms for NOESY. For the TOCSY experiment, the spin-lock field strength
was 6.5 kHz and the DIPSI-2 [18] sequence was used for isotropic mixing.
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Results
31P NMR of uniaxially aligned lipid membranes
We first compare the orientational disorder of anionic lipid bilayers induced by the
wild type PG-1 and its two mutants. Previous NMR studies of PG-1 and RTD-1 [8, 19] found
that these peptides preferentially disrupt anionic membranes while creating reduced disorder
in neutral or cholesterol-containing membranes. Thus, anionic lipid bilayers should provide a
suitable matrix for testing the membrane-disruptive ability of the PG-1 derivatives. We use
POPC/POPG bilayers at a 3:1 molar ratio as our first model membrane, as it provides a direct
comparison with neutral POPC bilayers and its membrane-surface charge density is
analogous to that of bacterial membranes [20]. Figure 6.2 shows one representative set of 31P
spectra of POPC/POPG bilayers with 0–8 mol% of PG-1,  [4,18 G10] PG-1, and [A6,8,13,15]
PG-1. In the absence of the peptides, the lipid bilayers give rise to a narrow and partially
resolved peak at 30.8 ppm, which corresponds to the parallel orientation of the bilayer
normal from the magnetic field. The partial resolution in some of the 0% spectra (top row)
reflects the slightly different 31P chemical shift anisotropies of POPC and POPG lipids.
Figure 6.2. 31P spectra of oriented POPC/POPG (3:1) bilayers with varying mole fractions of (a) PG-1, (b) [4,18
G10] PG-1, and (c) [A6,8,13,15] PG-1. The peptide mole fractions are 0%, 2%, 4% and 8% from top to bottom. The
fractional disorder is indicated for the highest concentration in each series. Column (a) is reproduced from ref.
[19].
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For the reference PG-1-containing lipids (a), an isotopic peak at 1.5ppm grew with
increasing concentration of PG-1, indicating the formation of micelles or small lipid vesicles
upon PG-1 binding [19]. In comparison, the membranes containing [4,18 G10] PG-1 showed
mild disorder up to 4% concentration (b). Only when the peptide concentration increased to
8% did a broad peak between –15 ppm and +20 ppm become significant. In contrast,
[A6,8,13,15] PG-1 causes much less membrane disorder at all concentrations used (c). The main
spectral change is the asymmetric broadening of the 0º peak, which reflects an increased
mosaic spread of the lipid bilayers [21]. For example, the 0˚ peak in the 4% [A6,8,13,15] PG-1
spectrum corresponds to a mosaic spread of 12˚. To compare the membrane disorder more
quantitatively, we define fractional disorder as the relative intensity of the spectral region
outside the 0˚-peak to the total spectral intensity. Averaged over multiple repeat samples, we
found that PG-1 causes 74% fractional disorder at 4% peptide concentration, while [4,18 G10]
PG-1 reaches a similar level of disorder (70%) only at 8% peptide concentration, and
[A6,8,13,15] PG-1 has the lowest fractional disorder, ~45%, even at 8%.
We next examine the effects of the three peptides on POPE/POPG (3:1) bilayers,
which mimic the membrane composition of bacteria more closely [20]. Figure 6.3 shows
oriented 31P spectra of POPE/POPG bilayers in the presence of the peptides. PG-1 shows
similar membrane disruptive behavior as towards POPC/POPG bilayers. However, the
isotropic peak, at ~3.8 ppm, is no longer well resolved from the rest of the powder intensity
(a, bottom). This indicates that the tumbling of the micelles or vesicles caused by PG-1 is
slower, which suggests that the POPE/POPG vesicles are larger than the POPC/POPG ones.
Similarly, both PG-1 mutants caused reduced membrane disorder (Figure 6.3b, c) than
towards POPC/POPG bilayers, as indicated by the fractional disorder. There is no significant
difference in the membrane disorder between these two mutants towards the POPE/POPG
bilayers.
The possibility that the isotropic peak seen in the PG-1 containing POPE/POPG
spectrum at 8% peptide concentration may result from hexagonal phase lipids can be ruled
out, since the hexagonal phase has an anisotropy half that of the lamellar bilayer phase, and
thus would have a 90˚ frequency at 8.5 ppm and a 0˚ frequency at –11 ppm, both of which
are inconsistent with the experimentally observed isotropic peak at 3. 8 ppm.
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Figure 6.3. 31P spectra of oriented POPE/POPG (3:1) membranes in the presence of (a) PG-1, (b) [4,18 G10] PG-
1, and (c) [A6,8,13,15] PG-1. The peptide mole fractions are 0%, 2%, 4% and 8% from top to bottom. The spectra
were recorded at 303K. The fractional disorder of the most concentrated sample in each series is indicated. The
two mutants show similar disorder at 8% concentration.
To determine how the two PG-1 derivatives interact with more physiological
membranes, we measured the 31P spectra of oriented E. coli lipid extract, which consists of
57.5% PE, 15.1% PG, 9.8% cardiolipin (or DPG) and 17.6% other lipids by weight (Avanti
Polar Lipids). The 31P lineshapes (Figure 6.4) confirm the difference between the two
mutants seen in model anionic membranes: the deletion mutant causes more severe disorder
than the Ala mutant. Similar to the model membrane results, the type of disorder also differs.
[4,18 G10] PG-1 creates significant powder intensities between 15 and –15 ppm, with
somewhat enhanced isotropic intensity that suggests the onset of an isotropic phase. The Ala
mutant merely broadens the 0˚ peak asymmetrically, indicating a larger mosaic spread of the
oriented membrane. The fact that [4,18 G10] PG-1 causes larger disorder to the E. coli lipid
membrane than to the model membranes indicates that stronger electrostatic association
facilitates antimicrobial activity, since the E. coli lipid extracts have a higher anionic charge
density than the model membranes used here.
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Figure 6.4. 31P spectra of oriented E. coli lipids in the presence of 4% (a) [4,18 G10] PG-1 and (b) [A6,8,13,15] PG-
1.
We can gain further insight into the mode of binding of these PG-1 mutants to lipid
bilayers by examining the membrane-thickness dependence of the 31P spectra. Figure 6.5
shows the spectra of DLPC (12:0), DMPC (14:0) and POPC (16:0,18:1) bilayers containing
4% of the two PG-1 mutants. [4,18 G10] PG-1 shows increasing disorder with the lipid chain
length (a), whereas [A6,8,13,15] PG-1 does not exhibit any dependence on the membrane
thickness and only causes minor orientational disorder (b). These strongly suggest that [4,18
G10] PG-1, similar to PG-1 [7], has a tendency to insert into the lipid bilayer as long as the
hydrophobic length of the peptide and the lipid bilayer are compatible. The wild-type PG-1
has a backbone length of ~30 Å [22]. Combined with the hydrophobic length of the Arg
sidechains at the two ends of the molecule, the wild-type PG-1 spans the DLPC bilayer
without causing any orientational defect [7]. This was directly proven in our earlier
paramagnetic relaxation study of PG-1 in Mn2+-bound DLPC bilayers [22]. The deletion
mutant, which should be shorter by less than ~4 Å, should be able to span the same DLPC
bilayer. But compared to the 45Å thick POPC bilayer, the mismatch is significant enough
that the deletion mutant cannot insert into the membrane well. Thus, as the membrane
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thickness increases, membrane defects form, manifesting themselves as the increased
disorder in the 31P spectra.
Figure 6.5. 31P spectra of oriented phosphocholine bilayers with varying acyl chain lengths in the presence of
4% [4,18 G10] PG-1 (a-c) and [A6,8,13,15] PG-1 (d-f). The lipids used are: (a, d) DLPC at 295K; (b, e) DMPC at
303K; (c, f) POPC at 295K.
In contrast, [A6,8,13,15] PG-1 shows a complete absence of membrane-thickness-
dependence, suggesting that the peptide bind superficially to the surface of the PC bilayers.
The particularly broadened 0˚ peak in the DMPC spectrum (e), may result from the higher
phase transition temperature (23˚C) of this lipid, which may change the slow motion or T2
relaxation time of the lipid membrane in the presence of the peptide.
1H NMR of peptides in solution
The 31P solid-state NMR results above show that the two PG-1 derivatives cause
different degrees as well as types of disorder to the lipid bilayers from each other and from
the wild-type PG-1. The question then arises as to whether and how the changes in the amino
acid sequence and possible changes in peptide conformation bring about this difference in the
membrane rupturing abilities. To address this question, we carried out 1H solution NMR
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experiments on the two mutants and compared their backbone conformation and overall
three-dimensional fold with the known structure of PG-1 [23].
Figure 6.6. 2D 1H TOCSY spectra of (a) [4,18 G10] PG-1 and (b) [A6,8,13,15] PG-1. Mixing time: 100 ms.
Figure 6.6 shows the 2D TOCSY spectra of [4,18 G10] PG-1 and [A6,8,13,15] PG-1.
Significantly different chemical shifts are found, and the deletion mutant exhibits larger shift
dispersion than the Ala mutant. Resonance assignment of the amino acid residues was carried
out using standard protocols [16]. Sequence-specific assignment was obtained for both
peptides due to the presence of sequential connectivities in the 2D NOESY spectra (Figure
6.8).
Figure 6.7 summarizes the secondary HN and H chemical shifts of both PG-1
mutants, obtained as the difference of the experimental 1H chemical shifts from the random
coil values [24]. For both HN and H, positive secondary shifts indicate a -sheet
conformation while negative secondary shifts indicate an -helical structure [25]. It can be
seen that [A6,8,13,15] PG-1 exhibits relatively small secondary shifts, indicating the lack of a
well defined secondary structure, while [4,18 G10] PG-1 shows a clear -sheet conformation.
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Figure 6.7. The differences of HN and H chemical shifts from the random coil values for (a) [4,18 G10] PG-1,
and (b) [A6,8,13,15] PG-1.
NOESY spectra allow the determination of the three-dimensional fold of the two
mutant peptides. If the hairpin fold is present, then cross-strand correlation peaks are
expected. The 2D NOESY spectrum of [4,18 G10] PG-1 shows both sequential N (i, i+1)
cross peaks that are characteristic of the -strand conformation, and cross-strand correlation
peaks, including 7/13, 1/15, 3/13 and 6/13 (a). The observed cross-strand connectivities for
[4,18 G10] PG-1 are summarized in Figure 6.8c. We conclude that [4,18 G10] PG-1 adopts a
well defined -hairpin fold similar to wild-type PG-1. In contrast, the NOESY spectrum of
[A6,8,13,15] PG-1 (b) shows no cross-strand correlation peaks, but only a few sequential cross
peaks, indicating the lack of a hairpin fold. A COSY experiment on [A6,8,13,15] PG-1 (not
shown) indicates that the 3JHN  values of most residues range from 6.8 Hz to 8.3 Hz,
whereas the 3JHN  values for the wild-type PG-1 range from 9 Hz to 14 Hz (data not
shown). These further confirm the lack of a -strand conformation in [A6,8,13,15] PG-1.
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Figure 6.8. (a) 2D NOESY spectrum of [4,18 G10] PG-1 with a mixing time of 300 ms. Cross-strand NOE peaks
are boxed. (b) 2D NOESY spectrum of [A6,8,13,15] PG-1 with a mixing time of 300 ms. (c) Schematic
representation of [4,18 G10] PG-1, in which the observed non-sequential NOEs are drawn.
Discussion
The 31P solid-state NMR and 1H solution NMR results shown above indicate that the
-hairpin fold is essential for inducing membrane disorder while the reduction in the number
of positive charges do not affect the membrane disruptive ability of the peptide significantly.
The wild-type PG-1, which possesses both features, inflicts the most severe disorder to
anionic membranes [19]. Removing the two disulfide bonds, in [A6,8,13,15] PG-1, nearly
abolished the membrane-disruptive activity. This is manifested as the reduced powder
intensities in the 31P spectra of glass-plate aligned lipids containing [A6,8,13,15] PG-1. The main
effect of [A6,8,13,15] PG-1 appears to be the increase in the mosaic spread of the aligned
membrane, broadening the 0˚ peak (Figures 6.2-6.3). This is distinct from the lineshape
changes observed for other antimicrobial peptides with strong activities such as RTD-1 and
PG-1, where significant non 0˚-peak intensities are observed and can be attributed to distinct
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lipid morphologies such as micelles and lipid tubules [8, 19]. In comparison, reducing the
number of Arg residues from six to three attenuated the membrane disorder but did not
remove it. Thus, maintaining the -hairpin fold is more important than retaining the same
number of positive charge as that of the wild-type peptide.
The importance of the -hairpin fold is consistent with the view that electrostatic
association is only the first step in the action of cationic antimicrobial peptides. While the
anionic lipopolysaccharides in the outer membrane of Gram-negative bacteria and the
anionic DPG and PG lipids in Gram-positive bacteria assist peptide binding, ultimately,
membrane rupture requires the bound peptide to adopt the correct conformation that enables
it to insert into the membrane.
The requirement for the -hairpin fold seen in these PG-1 derivatives has also been
observed in tachyplesin, a horseshoe-crab derived antimicrobial peptide with similar
conformation and charge distribution to PG-1 [26]. A solution NMR study of tachyplesin
variants was recently carried out in which Cys residues were systematically replaced by Tyr,
Phe, or Ala [27]. The study found that the Ala mutant is unstructured in aqueous solution
while the Tyr and Phe mutants retain the -hairpin structure. Moreover, by varying the
solvents, the authors found that the retention of the structure is due to aromatic ring stacking
interactions. Correspondingly, the Ala mutant has the most weakened antimicrobial activity,
whereas the Tyr and Phe mutants have enhanced antimicrobial activity against a number of
Gram-positive and Gram-negative bacteria [28].
The 1H solution NMR results confirm the design hypothesis that the removal of the
disulfide bridges and the lack of any other compensatory interactions in the peptide result in
a random coil peptide in solution [29], whereas the charge-reduced but disulfide-bridged
mutant retains its -strand backbone conformation and the hairpin fold. In SDS micelles and
E. Coli mimicking lipids, on the other hand, [A6,8,13,15] PG-1 was found to adopt an -helical
conformation by CD [25].  Given the weak activity as well as the weak disorder of [A6,8,13,15]
PG-1 to the lipid bilayer, this further underscores the importance of the -hairpin fold for
maintaining the membrane-lytic activity of this class of peptide sequences.
119
The relative membrane disorder induced by the three peptides observed in the 31P
spectra correlates well with the measured antimicrobial activities. Normalized to that of PG-
1, the minimum inhibitory concentration (MIC) of [A6,8,13,15] PG-1 is over 64 fold higher
against the gram-negative bacteria P. aeruginosa and more than 16 times higher against the
gram-positive bacteria Staphylococcus aureus [14]. The corresponding normalized MIC’s for
[4,18 G10] PG-1 is >32 and >16 fold that of PG-1. Thus, peptides with stronger antimicrobial
activities give rise to larger membrane disorder. The 31P-NMR detected membrane-disruptive
ability, the 1H-NMR detected -hairpin structure, and the antimicrobial activities, all decrease
in the order of PG-1 > [4,18 G10] PG-1 >> [A6,8,13,15] PG-1.
The two disulfide-stabilized peptides, PG-1 and [4,18 G10] PG-1, exert less disorder
towards POPE/POPG bilayers than towards POPC/POPG bilayers, while the linear analog
[A6,8,13,15] PG-1 shows no such membrane selectivity. The former suggests that the induction
of positive membrane curvature is one mechanism of action of the active protegrins. The
only difference between POPC and POPE is that POPE has a smaller headgroup. Thus,
POPE can better counter any positive curvature induced by the peptides as they bind to the
membrane surface, and thus better maintain the lamellar structure of the bilayer. This
positive-curvature mechanism for membrane disruption has also been observed in other
peptides such as MSI-78 [10], LL-37 [9], and RTD-1 [8]. The fact that [A6,8,13,15] PG-1 does
not show such difference is simply a reflection of its generally weaker membrane affinity and
disruptive ability.
Figure 6.9 gives a schematic representation of our current understanding of the
relation between PG-1 mutant conformation and peptide-membrane interaction. The deletion
mutant has a -hairpin structure and efficiently disrupts the membrane structure. It likely
achieves this by inserting into the lipid bilayer and creating pores. The Ala mutant, on the
other hand, has a random coil conformation in solution and largely retains the membrane
integrity. Its lack of the membrane-lytic effect may result from a surface-bound location,
which is suggested by its lack of dependence on the membrane thickness. The detailed
structure of [4,18 G10] PG-1 is not known. For example, how the charged Arg residues are
accommodated in the lipid membrane and the orientation of the hairpin with respect to the
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lipid chains await further study. However, we infer from our recent study of wild-type PG-1
that it is oligomerized in the membrane [30].
Figure 6.9. Models of different interactions between PG-1 mutants and anionic lipid bilayers. (a) [4,18 G10] PG-
1 has a well defined -hairpin conformation, disrupts the lamellar structure of the lipid membrane, and likely
inserts into the bilayer. (b) [A6,8,13,15] PG-1 has a random coil conformation in solution, does not cause
significant membrane disorder, and likely binds to the surface of the membrane.
In summary, the results shown here indicate that a correlation indeed exists between
the membrane-disruptive ability of a peptide, detected through 31P spectra, and its
antimicrobial activity, thus validating the use of 31P NMR of uniaxially aligned membranes
for understanding the mechanism of action of antimicrobial peptides. Moreover, the
membrane-disruptive ability is related to the conformation of the peptide: a strong -hairpin
fold is correlated with potent membrane disruption. Between the two structural features
examined, charge and -sheet conformation, the number of charges is a secondary factor that
regulates the strength of the interaction between the anionic membrane and the cationic
peptide.  The more important structure requirement for antimicrobial activity in this class of
peptide sequences is the -hairpin fold. As investigated previously through extensive
sequence mutations [26, 31], the importance of the -hairpin fold may result from the fact
that it places the hydrophobic and charged residues in these peptides in an amphipathic
fashion, so as to promote the insertion of the peptides into lipid bilayers.
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Chapter 7
Conformation, Dynamics and Insertion of a Non-Cysteine-Containing Protegrin-1
Analog in Lipid Membranes from Solid-State NMR
A paper accepted by ChemBiochem
Rajeswari Mani, Alan J. Waring, and Mei Hong
Abstract
Disulfide-bonded -hairpin molecules are common among antimicrobial peptides.
The disulfide bonds are known to be important for antimicrobial activity, but the underlying
structural reason is not well understood. We have investigated the membrane-bound structure
of a disulfide-deleted analog of the antimicrobial peptide protegrin-1, where the four Cys
residues are replaced by Ala. The secondary structure, dynamics, and topology of this Ala-
PG1 peptide in the membrane are determined using magic-angle-spinning NMR.
Conformation-dependent 13C isotropic chemical shifts of multiple 13C-labeled residues were
obtained from 1D cross-polarization and direct-polarization spectra, and from 2D J-coupling-
mediated 13C-13C correlation spectra. Most labeled residues exhibit two conformations: a
random coil and a -sheet structure. The dual-conformation property is present in both
anionic lipid bilayers mimicking the bacterial membrane and zwitterionic cholesterol-
containing bilayers mimicking the eukaryotic cell membrane. The mobility of the peptide
was measured using a 2D C-H dipolar-shift correlation experiment. The random coil fraction
is highly mobile whereas the -sheet component is rigid. 1H spin diffusion from the lipid
chains to the peptide indicate that the -sheet component is well inserted into the anionic
membrane but surface-bound in the cholesterol-containing neutral membrane. Thus, the
removal of disulfide bonds changes some PG-1 molecules to highly mobile random coils that
are poorly associated with the lipid membrane, but other molecules retain a -sheet
conformation and have a similar membrane binding topology to the parent peptide. Thus the
reduced antimicrobial activity of Ala-PG1 is largely due to the reduced number of insertion-
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competent -sheet molecules, rather than uniformly weakened activity of identically
structured peptides.
Introduction
Antimicrobial peptides (AMPs) form part of the innate immune system of animals
and plants that kill a broad range of pathogens by destroying their cell membranes (1). They
are capable of destroying microbes within minutes of contact, thus are promising resistance-
free antibiotics. Many structural-activity studies have been carried out to develop more
potent antimicrobial sequences that have little or no cytotoxicity against the host cells (2).
Protegrin-1 (PG-1) is one of the first discovered disulfide-stabilized AMPs. It was
isolated from porcine leukocytes (3) and is found to be active against gram-negative bacteria,
gram-positive bacteria, fungi and virus in the low µg/mL range (4). A large number of
mutations have been carried out on PG-1 to understand the structure-activity relationship (2,
5-7). A key finding was that the two disulfide bonds in PG-1 are crucial for high
antimicrobial activity and for maintaining the -hairpin fold of the peptide. Substitution of all
four cysteines in the wild-type peptide with alanine (Ala-PG1) resulted in markedly reduced
activity (2, 5): the minimum inhibitory concentrations are more than 16 fold weaker than the
wild-type peptide against methicillin-resistant Staphylococcus aureus and >64 fold weaker
against Pseudomonas aeruginosa (2). On the other hand, when cysteines are mutated to
threonines, which have high preference for -strand conformation, and the original -turn
position of the parent peptide incorporates a turn-promoting D-proline derivative, the -
hairpin fold is retained in solution and the peptide retains most of its antimicrobial potency
(6). Despite the rich information obtained from these structure-activity studies, little is known
about the three-dimensional structure of the PG-1 analogs in the lipid bilayer.
In this work, we use solid-state NMR to investigate the membrane-bound structure of
the linear Cys-to-Ala PG-1 analog, Ala-PG1. We have determined its conformation,
dynamics and depth of insertion in lipid bilayers of two different compositions and compared
them with those of wild-type PG-1, which has been extensively characterized by solid-state
NMR (8-13). Our previous study of Ala-PG1 using high-resolution 1H NMR showed that the
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peptide is completely unstructured in solution (5, 14). However, when bound to the lipid
membrane, Ala-PG1 exhibits 13C isotropic chemical shifts that are indicative of both the
random-coil conformation and the -strand structure. These 13C chemical shifts are obtained
from a combination of 1D and 2D correlation spectra that selectively detect either rigid or
mobile components, and the random coil fraction is found to be highly dynamic. Quantitative
C-H dipolar couplings were measured to confirm that the random coil molecules undergo
large-amplitude motion while the -sheet component is nearly completely immobilized.
Lipid-to-peptide 1H spin diffusion experiments indicate that the -sheet fraction of Ala-PG1
has a similar membrane-specific insertion motif as the wild-type peptide: it inserts into
anionic POPE/POPG membranes but remains on the surface of the zwitterionic
POPC/cholesterol membrane. These results give insights into the origin for the reduced
antimicrobial activity of the disulfide-deleted peptide.
Results
 Backbone conformation of Ala-PG1 from 13C chemical shifts
Figure 7.1 shows the 13C magic-angle-spinning (MAS) spectra of (F12, A13, V14)
labeled Ala-PG1 in POPE/POPG (3:1) membranes at a P/L of 1:15. Each residues is
uniformly labeled in 13C and 15N. The peaks were assigned based on the characteristic 13C
chemical shifts of amino acid residues in proteins (15). The C and C shifts of all three
residues in the cross-polarization (CP) spectrum (Figure 7.1a) indicate -sheet conformation:
the C chemical shifts are smaller than the random coil values while the C chemical shifts
are larger than the random coil values. To simplify the spectra and remove the lipid
background 13C signals, we applied a double quantum filter (DQF) where SPC-5 was used as
the 13C-13C mixing sequence (16). The DQF spectrum (Figure 7.1b) removes the lipid chain
signals that overlap with Val C and Ala C, thus clarifying the peak assignment.
It is well known that 1H-13C cross polarization selectively detects rigid components in
a mixture due to its requirement for 1H-13C dipolar couplings. The signals of mobile segments
are suppressed because motion reduces the dipolar coupling. To observe all possible
conformational and dynamical components in Ala-PG1, we measured a direct-polarization
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(DP) 13C spectrum, where a 13C 90˚ pulse was used to excite the 13C magnetization. The DP
experiment preferentially detects mobile components because it does not require dipolar
couplings and because mobile segments have short 13C T1 relaxation times. Indeed, the DP
spectrum of Ala-PG1 (Figure 7.1c) shows a more complex pattern with two peaks for each
C and C label. In addition to the -sheet signals, the second set of signals has chemical
shifts characteristic of the random coil conformation. Its presence in the DP but not the CP
spectrum indicates that this random coil fraction is mobile, as expected for this conformation.
Figure 7.1. 1D 13C MAS spectra of (F12, A13, V14) labeled Ala-PG1 in POPE/POPG (3:1) membranes at 298
K. (a) CP spectrum showing the -sheet signals (denoted by a superscript s). (b) Double-quantum-filtered CP
spectrum removes the lipid peaks and selects only the peptide signals. (c) DP spectrum showing additional
signals from the random-coil fraction (denoted by the superscript c). Dashed lines guide the eye for peak
assignment.
To further enhance the spectral resolution and better distinguish the coil and sheet
resonances, we carried out a 2D correlation experiment, CTUC-COSY (17), to assign the 13C
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resonances. The experiment utilizes 13C-13C J coupling to transfer the 13C coherence (17, 18),
which is necessary for observing cross peaks of mobile molecules. We combine the CTUC-
COSY sequence with DP to detect the mobile portion of Ala-PG1, and with CP to detect the
rigid component of the peptide. The experiments were carried out at 298 K, in the liquid-
crystalline (LC) phase of the POPE/POPG bilayers. Only the labeled peptide 13C sites can
give cross peaks, while the natural abundance lipid 13C signals are observed only along the
diagonal.
Figure 7.2. 2D 13C-13C J-coupling mediated CTUC-COSY spectra of (F12, A13, V14) Ala-PG1 in POPE/POPG
membranes. (a) The 13C magnetization was prepared by DP. (b) The 13C magnetization was prepared by CP.
Superscripts c and s denote random coil and -sheet signals, respectively. The total J-mixing time was 10.8 ms.
The spectra were acquired at 298 K under 9 kHz MAS.
Figure 7.2 shows the 2D CTUC-COSY spectra of (F12, A13, V14) labeled Ala-PG1
in POPE/POPG membranes, with DP (a) and CP (b) as the magnetization excitation method.
A total J-coupling mixing time of 10.8 ms was used. Clear Ala , Phe , Val  and Val
 cross peaks were observed for both the random coil and -sheet fractions of the peptide.
From these spectra we obtain accurate chemical shifts of C and C, which are sensitive to
the backbone conformation.
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Table 7.1. 13C C and C chemical shifts (ppm) of labeled residues in Ala-PG1 in POPE/POPG membranes.
residue sites , coil , sheet
L5 C 53.5 52.3
C 41.2 44.4
A6 C 50.8 49.8
C 17.1 21.4
F7 C 55.9 -
C 37.5 -
F12 C 55.7 54.4
C 37.7 42.0
A13 C 50.8 49.5
C 17.6 21.0
V14 C 60.2 57.9
C 30.8 33.6
A15 C 50.4 49.2
C 17.1 20.3
V16 C 60.5 58.4
C 30.6 33.0
The same 1D CP and DP experiments and 2D CTUC-COSY experiments were
similarly applied to (L5, A6, F7) labeled Ala-PG1 and (A15, V16) labeled Ala-PG1. The
resulting spectra (SFigures B1 and B2, refer Appendix B) confirm the presence of both
random coil and -sheet conformations in these regions of the peptide as well. Table 7.1
summarizes the C  and C  chemical shifts of all labeled sites of Ala-PG1 in the
POPE/POPG membrane. F7 does not exhibit any -sheet signal in the CP spectrum,
suggesting that there is intermediate timescale motion at this residue in the -sheet peptide,
which interferes with cross polarization and 1H dipolar decoupling.
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To determine if Ala-PG1 conformation is affected by the membrane composition, we
repeated the chemical shift measurements in the POPC/cholesterol membrane. Most
chemical shifts are similar to those measured in the POPE/POPG membrane, except that L5,
A6, and F7 only exhibit random coil and no -sheet signals. Thus, the intermediate-timescale
motion of F7 implied in the POPE/POPG membrane appears to be present in the
POPC/cholesterol membrane as well and affects more residues than in the POPE/POPG
membrane.
Figure 7.3. 13C secondary shifts of Ala-PG1 in POPE/POPG (3:1) membranes (a, c) and POPC/cholesterol
(1.2:1) membranes (b, d). Filled bars indicate the rigid component of the peptide detected in the CP spectra,
while open bars denote the mobile component observed in the DP spectra. Negative C secondary shifts and
positive C secondary shifts indicate the -sheet conformation.
Figure 7.3 summarizes the C and C secondary shifts of all labeled residues,
obtained by subtracting the observed chemical shifts by the random coil shifts (19). The rigid
component (filled bars) exhibits large negative C  secondary shifts and positive C
secondary shifts, which indicate the -sheet conformation, whereas the mobile component
(open bars) exhibits small secondary shifts, indicating the random coil conformation.
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Dynamics of Ala-PG1 in anionic and neutral lipid membranes
Figure 7.4. Representative C-H dipolar dephasing curves of Ala-PG1 in POPE/POPG membranes, extracted
from the indirect dimension of 2D DIPSHIFT spectra. (a) V14 C cross section at 60.3 ppm, corresponding to
the random coil conformation. A DP-DIPSHIFT experiment was used to obtain the data. (b) V14 C cross
section at 57.6 ppm, corresponding to the -sheet conformation. A CP-DIPSHIFT experiment was used to
obtain the data. (c) F12 C cross section at 55.7 ppm, obtained from a DP-DIPSHIFT experiment. The best-fit
true dipolar couplings, obtained by dividing the observed couplings by the MREV-8 scaling factor and the
doubling factor, are indicated for each dephasing curve.
To probe the dynamics of Ala-PG1 in the lipid bilayers, we carried out the C-H
doubled-DIPSHIFT experiment (20), which measures the C-H dipolar coupling in the 1
dimension as resolved by the 13C chemical shifts in the 2 dimension. To capture both the
mobile and the rigid components, DP and CP were used to excite the 13C magnetization.
Figure 7.4 shows several representative doubled-DIPSHIFT curves for Ala-PG1 in
POPE/POPG membranes. The true C-H dipolar couplings, obtained by dividing the
observed couplings by the MREV-8 scaling factor of 0.47 and the doubling factor of 2, range
from 2.5 to 6.8 kHz for the coil conformation while close to the rigid limit of 22.7 kHz for
the -sheet conformation. C-H order parameters were obtained by dividing these true
couplings by the rigid-limit value of 22.7 kHz (Table 2). Some dipolar dephasing data are not
completely fit by a single coupling, but required a small range of dipolar couplings. We
express these results as an order parameter range. For residues where the coil-sheet isotropic
peaks are not well resolved, the dephasing data were found to be best fit by a mixture of
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small and large dipolar couplings. An example is shown for F12 (Figure 7.4c), where the
dephasing curve is best fit by a 1 : 1 mixture of 5.3 kHz and 18 kHz, representing the
couplings for the coil and sheet fractions, respectively.
Table 7.2. C-H dipolar order parameters, SCH, for labeled residues in Ala-PG-1 in POPE/POPG and
POPC/cholesterol membranes.
POPE/POPG POPC/cholesterolresidue
SCH, coil SCH, sheet SCH, coil SCH, sheet
L5 0.14 - 0.23 0.80 – 0.90 0.19 -
A6 0.19 – 0.23 0.80 – 0.90 0.23 -
F7 0.26 – 0.30 - 0.19 - 0.21 -
F12 0.19 – 0.30 0.80 - 1.0
A13 0.19 – 0.23 1.0 0.33 – 0.39 1.0
V14 0.26 0.56 – 0.66 0.19 0.98
A15 0.12 1.0 0.21 1.0
V16 0.11 – 0.14 0.94 – 0.98 0.12 – 0.14 0.75 – 0.80
Table 7.2 quantitatively shows that, in the POPE/POPG membrane, Ala-PG1 has low
order parameters of 0.11 to 0.30 for the random coil component while larger order
parameters of 0.80 or higher for most sites of the -sheet component. These indicate that the
random-coil peptide backbone undergoes large-amplitude motions while the -sheet
conformation is mostly rigid. The same difference is observed in the POPC/cholesterol
membrane, indicating that the peptide mobility is little affected by the membrane
composition.
Location of Ala-PG1 in anionic and neutral lipid bilayers
Since the random coil fraction of Ala-PG1 is highly mobile, it is most likely only
loosely associated, if at all, with the membrane, thus retaining its solution-state conformation
(14). But whether the rigid -sheet fraction inserts into the anionic lipid membrane like the
parent peptide is not clear. To determine the depth of insertion of the -sheet fraction, we
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carried out the lipid-to-protein 1H spin diffusion experiment. The experiment detects 1H spin
diffusion from the mobile lipids to the rigid peptide by correlating the lipid 1H signals with
the peptide 13C signals. The experiment requires 1H-13C cross polarization and immobilized
peptide, thus the mobile fraction of Ala-PG1 is not detected. Figure 7.5a shows a
representative 2D spectrum of (F12, A13, V14) labeled Ala-PG1 in POPE/POPG bilayers,
measured with a spin diffusion mixing time of 529 ms. The cross peak intensity between the
peptide 13C and the lipid CH2 and water protons indicates the proximity of the peptide to the
middle and the surface of the lipid bilayer, respectively. Figure 7.5b shows the sum of the 1H
cross sections at the three C slices and the F12 C slice. The CH2 peak is visible already at
a short mixing time of 100 ms, indicating that the peptide lies near the lipid acyl chains.
Figure 7.5. 1H spin diffusion data of Ala-PG1 in POPE/POPG membranes. (a) 2D 13C-detected 1H spin
diffusion spectrum of (F12, A13, V14) labeled Ala-PG1 at a mixing time of 529 ms. Only the rigid component
of the peptide is detected. Red dashed lines indicate the 13C slices summed for display in (b). (b) Sum of the 1H
cross sections of peptide 13C signals at various mixing times. (c) CH2 (filled circles) and H2O (open circles)
buildup curves after 1H T1 correction, normalization to the water peak at 100 ms, and normalization to the
equilibrium intensity. The best-fit curves for CH2 (solid line) and H2O (dashed line) are obtained with a distance
of 6 Å and 2 Å, respectively.
To quantify the minimal distance between the peptide and the lipid CH2 or H2O
groups, we plotted the cross-peak intensities as a function of the square root of the mixing
time (21). The intensities, shown in Figure 7.5c, are corrected for 1H T1 relaxation and
normalized to the 100 ms H2O peak intensity. Further, since the equilibrium CH2 intensity is
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only 62% of the H2O intensity, as seen in the 1D 
1H direct-excitation spectrum, the CH2 cross
peak intensities from the 2D spectra were divided by 0.62 to reflect the fact that even after
complete equilibration of the 1H magnetization, the CH2 intensity will still only be 62% of
the H2O intensity. The resulting experimental buildup curve is fit using a 1D lattice model for
magnetization transfer (21). The diffusion coefficients for the lipid and peptide are 0.012
nm2/ms and 0.3 nm2/ms, respectively, similar to the values used and estimated before (21,
22). For the lipid-peptide interface, a diffusion coefficient of 0.0005 nm2/ms was found to
best reproduce the shape of the buildup curve. The resulting distance gap between the peptide
and lipid chain CH2 groups was found to be 6 Å. This is 4 Å longer than the wild-type
peptide, indicating that Ala-PG1 inserts into the lipid chain region but does not fully reach
the center of the membrane. The H2O buildup curve, simulated using diffusion coefficients of
0.03 nm2/ms for water and 0.00225 nm2/ms for the peptide-water interface, rises faster than
the CH2 buildup curve, indicating that some of the residues in the -sheet Ala-PG1 are
exposed to water.
Figure 7.6. 1H spin diffusion data of Ala-PG1 in POPC/cholesterol membranes. (a) 2D 13C-detected 1H spin
diffusion spectrum of (F12, A13, V14) Ala-PG1 at a mixing time of 841 ms. Only the rigid component of the
peptide is detected. (b) Sum of the 1H cross sections of F12 and A13 C for various mixing times. The CH2
signal is absent until 400 ms. (c) CH2 (filled circles) and H2O (open circles) buildup curves. The best-fit curves
for CH2 (solid lines) and H2O (dashed lines) are obtained with a distance of 25 Å and 4 Å, respectively.
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In the POPC/cholesterol membrane, the CH2-to-peptide 
1H spin diffusion buildup
curve rises much more slowly than in the POPE/POPG bilayers. A representative 2D
spectrum and the sum of the C 1H cross sections are shown in Figure 7.6a, b. The CH2 peak
is not visible until 400 ms. The buildup curves for the CH2 and H2O peaks are shown in
Figure 7.6c. The H2O buildup curve is fit with a distance of 4.0 Å, but the CH2 buildup is
much slower and is best fit with a distance of 25 Å. Thus, Ala-PG1 lies on the surface of the
POPC/cholesterol membrane, far from the hydrophobic core of the bilayer.
Discussion
The above data indicate that the Cys-to-Ala analog of PG-1 exhibits a mixture of
random coil and -sheet conformations that have different dynamics and insertion depths in
the lipid membrane. This differs from the conformation of the peptide in aqueous solution,
which is completely unstructured, as shown by 1H high-resolution NMR spectra (14). Thus,
the lipid bilayer promotes partial folding of the peptide to the -sheet conformation. This
suggests that apart from the disulfide bonds, the amino acid sequence of PG-1 encodes a
preference for the -sheet conformation. This coil-to-sheet conformational change as the
peptide binds to the membrane is observed for both POPE/POPG bilayers and
POPC/cholesterol bilayers. Previous CD experiments on Ala-PG1 bound to simulated S.
aureus and E. coli lipids indicated a combination of -helical and -sheet conformations for
P/L higher than 1:30, and increased helical content at lower P/L (5). These suggest that the -
sheet conformation of Ala-PG1 is enhanced by high peptide concentrations, which is
consistent with the strong -sheet signals seen in the P/L = 1:15 spectra here. The NMR
spectra directly resolve the random coil and -sheet conformations through their distinct
frequencies, thus the conformational heterogeneity is unambiguous.
The dynamical difference between the two conformations of Ala-PG1 as measured by
the C-H dipolar couplings and the CP/DP spectral comparison confirms the expectation that
the random coil fraction is highly mobile whereas the -strand fraction is immobilized. The
latter suggest that the -strand Ala-PG1 exist as oligomers in the membrane. Oligomerization
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reduces the exposure of polar backbone groups such as N-H and C=O to the hydrophobic
lipid chains, and has been detected and characterized in detail in wild-type PG-1 (12, 22).
An increasing number of proteins in the solid state have recently been observed to
exhibit intramolecular dynamic heterogeneity, where a part of the protein gives clear signals
in the NMR spectra while other residues are invisible (23, 24). However, few proteins have
been reported that exhibit dramatic dynamic heterogeneity between different molecules as a
result of conformational differences. In the present case, this heterogeneity is clearly due to
binding to the lipid membrane, since in the absence of the lipid bilayer the peptide is
completely random coil. The ability of the lipid bilayer to induce -strand formation from an
unstructured peptide is a remarkable finding of this study.
The depth of insertion of the -sheet Ala-PG1 differs between the anionic membrane
and the zwitterionic cholesterol-containing membrane: the peptide inserts into the
hydrophobic region of the anionic membrane but remains surface-bound in the cholesterol-
containing membrane. This membrane-specific topology is very similar to wild-type PG-1
(22). The only difference is that wild-type PG-1 inserts all the way to the center of the
anionic membrane with a minimum distance of 2 Å to the CH2 groups, while Ala-PG1 has a
somewhat longer minimum distance of 6 Å. The inserted topology of the -strand Ala-PG1 is
distinct from the random coil conformation of the peptide, which is either not associated or
only loosely affiliated with the membrane.
The bimodal nature of Ala-PG1 structure and the similarity of the -strand conformer
to the wild-type peptide in terms of dynamics and insertion depths suggest that the reduced
antimicrobial activity of Ala-PG1 is both due to the reduced amount of the peptide able to
bind to the lipid membrane to inflict damage and to a possible weakening of the bound
peptide’s membrane-disruptive ability. Our previous 31P NMR lineshape analysis of glass-
plate oriented lipid membranes showed that Ala-PG1 causes less, but not zero, membrane
disorder compared to wild-type PG-1 (14). Judged from the 31P lineshape, the amount of
disorder induced by Ala-PG1 is ~20-fold lower than that of the wild-type PG-1 (14), in rough
agreement with the 16-64 fold reduction in the antimicrobial activity.
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The current data does not indicate whether the -strand fraction of Ala-PG1 folds into
-hairpins or remains as -strands. The key potential sites for the -turn, R9, R10 and R11,
are not labeled here due to the high cost of labeling Arg. If the rigid fraction of Ala-PG1
exists as a straight strand, then its intrinsic membrane-lytic activity should be lower than the
-turn parent molecule because of the lower amphiphilicity of the linear molecule. The
importance of the -hairpin fold for antimicrobial activity has been examined by a solution
NMR and circular dichroism study (6) and has been reported in a related peptide, tachyplesin
(25-27).
The present work points to the importance of using 13C direct-polarization and J-
coupling-based polarization transfer experiments to detect mobile components in membrane
proteins by NMR. The 13C DP CTUC-COSY experiment is ideal for this purpose. The cross
peaks of the mobile components in the 2D CTUC-COSY spectra are well resolved by the use
of the constant-time evolution and by linear prediction, and the cross peak intensities relative
to the diagonal peaks are also higher than in dipolar-driven correlation experiments.
In summary, we have determined the membrane-bound conformation, dynamics, and
topology of a linear analog of protegrin-1, and found that the removal of the cysteine
disulfide bonds results in a mixture of random coil and -sheet conformations. The former is
highly dynamic and likely not associated with the lipid membrane, whereas the latter is rigid
and inserts into the anionic lipid bilayer, similar to the parent peptide protegrin-1. Thus, the
reduced antimicrobial activity of the linear peptide is due to the reduced number of insertion-
competent membrane-lytic -sheet molecules, rather than uniformly weakened activity of
identically structured peptides.
Experimental Section
Sample Preparation
All lipids were purchased from Avanti Polar Lipids (Alabaster, AL) and used without
further purification. Uniformly 13C and 15N-labeled amino acids were purchased from Sigma-
Aldrich and Cambridge Isotope Laboratories. The Ala-PG1 sequence differs from wild-type
PG-1 in that all four Cys residues at positions 6, 8, 13, and 15 were replaced by Ala (NH2-
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RGGRLAYARRRFAVAVGR-CONH2). It was synthesized using standard Fmoc solid-phase
peptide synthesis protocols and purified using reverse-phase HPLC. Three peptide samples,
incorporating labeled L5, A6, F7 (sample 1), F12, A13, V14 (sample 2), and A15, V16
(sample 3), were synthesized.
 The peptide was reconstituted into lipid membranes by mixing lipids and peptide
first in a trifluoroethanol/methanol solution. The solvents were vacuum-dried and the
resulting peptide-lipid film was packed in a rotor and hydrated to 35% water. All membrane
samples have a peptide-lipid molar ratio (P/L) of 1:15. Only phospholipids, including POPC,
POPE, and POPG, but not cholesterol, are included in the lipid molar amount calculation. A
POPE/POPG (3:1) mixture was used to mimic the bacterial cell membrane, while a
POPC/cholesterol mixture (12:10.5) was used to mimic the red-blood-cell membrane.
NMR Spectroscopy
Solid-state NMR experiments were carried out on a Bruker DSX-400 spectrometer
operating at a resonance frequency of 400.49 MHz for 1H and 100.70 MHz for 13C. Typical
radiofrequency (rf) pulse lengths were 5 µs for 13C and 4 µs for 1H. A CP contact time of
0.5ms was used. 13C chemical shift was referenced externally to the -glycine C’ signal at
176.49ppm on the TMS scale.
A 2D J-coupling-mediated correlation experiment, CTUC-COSY, developed by
Mueller and coworkers (18), was carried out to obtain 13C resonance assignment. The
experiment was conducted at 298 K under 9 kHz magic-angle spinning (MAS) for all
samples. The initial 13C magnetization was prepared either by 13C direct polarization using a
13C 90˚ pulse, or by cross polarization from 1H. The constant-time evolution period includes
both the polarization transfer and t1 evolution. A soft 
13C  pulse of 388.9 µs was applied on
resonance with 13CO to selectively invert the CO signal, while a  pulse of 166.7 µs was
applied at 38 ppm, in the aliphatic region. The net result is that only the aliphatic C-CX
(X= , , , etc) cross peaks are detected in the 2D spectra. The t1 evolution times range from
8.8 ms to 11.2 ms, and the 2D spectra were processed with linear prediction in the 1
dimension to enhance the resolution. A 1H decoupling field of 71 kHz was used during t1,
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while a weaker decoupling strength of 62 kHz was used during the z-filter and the t2
acquisition time. Each 2D experiment took 18 to 24 hours.
A variant of the 2D dipolar-chemical shift correlation experiment, doubled
DIPSHIFT, was used to measure residue-specific C-H dipolar couplings (20, 28). The
dipolar doubling is achieved by using a moving 13C 180˚ pulse during the rotor period while
keeping 1H homonuclear decoupling on for the entire rotor period (20). This allows dipolar
couplings to be measured with higher accuracy than the undoubled DIPSHIFT experiment.
The reduction of the measured C-H  dipolar coupling from the rigid-limit value is
indicative of peptide backbone motion. We used MREV-8 for 1H homonuclear decoupling
(29, 30), where the 1H pulse length was 4.7 µs. The sample was spun at 3.546 kHz. The
dipolar dephasing curves were fit using a home-written simulation program to obtain the
couplings. These were divided by the MREV-8 scaling factor of 0.47 and the doubling factor
of 2 to give the true coupling of each site. The true coupling is then scaled by the rigid-limit
C-H dipolar coupling of 22.7 kHz to give the order parameter SCH.
2D 13C-detected 1H spin diffusion experiments were carried out on Ala-PG1 at 298K
at 5 kHz MAS. A 1H T2 filter of 1 ms was used before the evolution period to remove the
peptide 1H polarization. After 1H chemical shift evolution without homonuclear decoupling, a
mixing time of 25 - 841 ms was applied to allow 1H spin diffusion from the mobile lipids and
water to the rigid peptide. The result of the polarization transfer was detected through the
peptide 13C signals. To obtain 1H buildup curves, the H2O and CH2 peak heights from the 1D
1H cross sections were plotted as a function of the square root of the mixing time. The
intensities were corrected for 1H T1 relaxation and scaled relative to the H2O intensity in the
100 ms spectrum. For the CH2 buildup curve, an additional scaling by the fraction of the
equilibrium intensity of the CH2 peak relative to the H2O peak in the direct-polarization 
1H
spectrum was applied.
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Influenza A Virus from 19F Solid-State NMR
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Abstract
The M2 transmembrane peptide (M2TMP) of the influenza A virus forms a tetrameric
helical bundle that acts as a proton-selective channel important in the viral life cycle. The
sidechain conformation of the peptide is largely unknown and is important for elucidating the
proton-conducting mechanism and the channel stability. Using a 19F spin diffusion NMR
technique called CODEX, we have measured the oligomeric states and inter-helical
sidechain-sidechain 19F-19F distances at several residues using singly fluorinated M2TMP
bound to DMPC bilayers. 19F CODEX data at a key residue of the proton channel, Trp41,
confirms the tetrameric state of the peptide and yields a nearest-neighbor inter-helical
distance of ~11 Å under both neutral and acidic pH. Since the helix orientation is precisely
known from previous 15N NMR experiments and the backbone channel diameter has a
narrow allowed range, this 19F distance constrains the Trp41 sidechain conformation to t90
(1180˚, 290˚). This Trp41 rotamer, combined with a previously measured 15N-13C distance
between His37 and Trp41
1, suggests that the His37 rotamer is t-160. The implication of the
proposed (His37, Trp41) rotamers to the gating mechanism of the M2 proton channel is
discussed. Binding of the antiviral drug amantadine to the peptide does not affect the F-F
distance at Trp41. Interhelical 
19F-19F distances are also measured at residues 27 and 38, each
mutated to 4-19F-Phe. For V27F-M2TMP, the 19F-19F distances suggest a mixture of dimers
and tetramers, whereas the L38F-M2TMP data indicate two tetramers of different sizes,
suggesting sidechain conformational heterogeneity at this lipid-facing residue. This work
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shows that 19F spin diffusion NMR is a valuable tool for determining long-range
intermolecular distances that shed light on the mechanism of action and conformational
heterogeneity of membrane protein oligomers.
Introduction
The determination of the three-dimensional structure of membrane proteins and their
assemblies requires long-range intermolecular distances > 10 Å. While NMR spectroscopy
can readily measure short distances of ~5 Å accurately, long-range distance measurement
remains a challenge 2. Recently, we have shown 19F spin diffusion to be a robust strategy for
obtaining site-specific long-range distances. This approach, termed CODEX, involves
measuring dipolar exchange between chemically identical but orientationally different 19F
spins on different molecules through a chemical-shift-anisotropy-based stimulated echo 3-5.
Intermolecular 19F-19F dipolar couplings in membrane peptide assemblies manifest as a
decrease in the stimulated-echo intensity as a function of the exchange mixing time. The
intensity decay is then fit to yield distances up to 15 Å with an uncertainty of 0.5 - 1.0 Å 6,7.
Both the number of spins in the cluster and internuclear distances can be obtained from each
time-dependent echo decay curve.
The M2 protein of influenza A virus is a tetrameric proton channel essential in the life
cycle of the virus. The channel is closed at neutral pH but opens in the acidic environment
(low pHout) of the endosome after viral entry into the host cell 
8,9. The acidification of the
viral interior initiates the release of the viral RNA into the host cell, causing infection.
Binding of amantadine blocks the proton channel and prevents infection. Elucidating the
structure of the M2 proton channel in the closed and open states is thus important for
understanding the mechanism of proton transfer and for designing antiviral drugs.
Electrophysiological measurements on the M2 protein and analytical ultracentrifugation
(AUC) experiments on the transmembrane domain of the M2 protein, M2TMP, have
unambiguously established that His37 is the key residue for proton conductance 
10-12.
In addition to His37, Trp41 is another residue known to be important for proton
conductance 9,13. However, there are two different models about its specific role in M2 proton
conductance. The first model was derived from proton conductance measurements showing
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that the replacement of Trp41 by Phe causes an outward proton current when pHout is high and
pHin is low, a condition under which the wild-type channel shows no outward proton flow 
13.
This observation led to the conclusion that Trp41 is the gate of the channel, such that
replacement by amino acids with smaller sidechains causes channel leakage. The proposed
mechanism for channel gating by Trp41 involves conformational changes of the indole ring
between the closed and open states: in the closed state it may obstruct the pore while in the
open state it may become parallel to the pore axis, allowing the protons to flow.
The second model for the role of Trp41 in M2TMP resulted from pH-dependent UV
resonance Raman spectra 14: analysis of the wavenumbers and relative peak intensities
indicated that there is no change in hydrogen bonding, environmental hydrophobicity, and
sidechain torsion angles of the indole ring between the closed and open states 14. Instead,
based on spectral intensity changes, it was suggested that the only change is the addition of
weak cation- interactions between protonated His37 imidazole rings and Trp41 in the open
state.
Because of the importance of His37 and Trp41 for proton conductance of the M2TMP
channel, distance experiments and molecular dynamics (MD) simulations have been carried
out to probe the sidechain conformation of these two residues. Solid-state NMR
measurements of the His37 N – Trp41 C distance suggested (t-160, t-105) rotamers for the
(1, 2) angles of (His37, Trp41) 1 (PDB: 1NYJ). The t-105 rotamer of Trp41 points the indole
rings towards the pore lumen, which was interpreted as supporting the first, Trp gating,
model. However, MD simulations scanning the full conformational space of the two residues
subject to this distance restraint proposed an alternative possibility, (t60, t90), that is
energetically more stable than the (t-160, t-105) rotamers 15.
In this work, we probe the sidechain conformation of Trp41 in the closed and open
states by measuring the inter-helical sidechain-sidechain distances between 5-19F-Trp41 using
19F spin diffusion NMR. We find that Trp41 has an inter-helical nearest-neighbor F-F distance
of 11±1 Å at both neutral (closed) and low (open) pH, which constrains the Trp rotamer
unambiguously to t90. Amantadine binding does not change the interhelical distance at this
site. This Trp conformation implies that the His37 rotamer is t-160 when a previously
measured His-Trp distance [Nishimura, 2002 #7] is considered. We also measured the F-F
145
distances at residues 27 and 38, which are mutated to 4-19F-Phe. We find that both sites show
distance heterogeneity, which we attribute to oligomeric mixtures in one case and sidechain
conformational distribution in the other. The 19F spin diffusion NMR method is thus sensitive
to the conformational heterogeneity of this transmembrane proton channel.
Experimental Methods
NMR samples
5-19F-Trp was purchased from BioCatalysts (Pasadena, CA), Fmoc-protected by
SynPep Corp. (Dublin, C) and purified using silica-gel column chromatography. 1, 2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was obtained from Avanti Polar Lipids
(Alabaster, AL). The 19F-labeled wild type and mutant M2TMP samples were custom-
synthesized by PrimmBiotech (Cambridge, MA) using standard Fmoc chemistry. The amino
acid sequence of the Udorn strain of the influenza A virus is used in most experiments: NH2-
Ser22-Ser23-Asp24-Pro25-Leu26-Val27-Val28-Ala29-Ala30-Ser31-Ile32-Ile33-Gly34-Ile35-Leu36-His37-
Leu38-Ile39-Leu40-Trp41-Ile42-Leu43-Asp44-Arg45-Leu46-COOH. The purity of all peptide was
checked by HPLC and mass spectrometry to be greater than 95%. The purified peptide was
washed in 5 mM HCl solution to remove residual trifluoroacetate (TFA) ions from the
synthesis, and checked by solution 19F NMR. The 19F spectra of the membrane-bound
peptides contain no detectable TFA signal, indicating complete removal of TFA.
Large unilamellar DMPC vesicles were prepared by dissolving DMPC lipids either in
a phosphate buffer (10 mM Na2HPO4/NaH2PO4, pH 7.5, 30˚C) or in a 10 mM citrate buffer
(pH 4.5, 30˚C). The DMPC solution was freeze-thawed 8 times. Purified wild-type and
mutant M2TMP peptides were dissolved in the DMPC solution at a peptide-lipid molar ratio
(P/L) of 1:15. This P/L value is sufficiently high to promote complete tetramerization of the
M2TMP, as shown by analytical ultracentrifugation data 16. The peptide-lipid mixture was
vortexed for 30 minutes and incubated at 30˚C for 2 days. The solution was ultracentrifuged
at 150,000 g for 3 hours at 28˚C. This yielded 90% reconstitution of the peptide, as measured
by the BCA assay 17. The pH of the membrane samples was measured through the
supernatant to be 7.5 and 4.5 for the phosphate buffer samples and the citrate buffer samples,
respectively. The wet membrane pellet was transferred to a 4mm rotor with borosilicate
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glass spacers and incubated at 30˚C for 2 days before the NMR experiments. To calculate the
peptide molar concentrations of the NMR samples for comparison with the AUC data
acquired on DPC micelles, the incubation and ultracentrifugation solution volume of 4 mL
was used, giving a M2TMP concentration of ~0.6 mM.
To assess whether the oligomeric structure and sidechain conformation of the peptide
are affected by the membrane reconstitution protocol of the peptide, we also used two other
methods to mix the peptide with the lipids and measured the 19F CODEX spectra of the
corresponding samples to compare with the aqueous-mixed samples. One method involved
cosolubilizing M2TMP with DMPC lipids in chloroform to obtain a well-mixed clear
solution. The mixture was dried under a stream of N2 gas, lyophilized, then rehydrated to
35% water. A Trp41-M2TMP sample was prepared in this way. The third method codissolves
M2TMP in the detergent octyl- -glucoside (OG) in aqueous buffer (10 mM
Na2HPO4/NaH2PO4, 1 mM EDTA) with the desired pH 
18,19. The clear solution was then
mixed with a DMPC vesicle solution to reach an OG concentration of 10% and a P/L of 1:15.
The detergent was then removed by dialysis against the 10 mM Na2HPO4/NaH2PO4 buffer at
4 ºC for 3 days. The dialyzed peptide-lipid solution was centrifuged to give the pellet for
solid-state NMR experiments. The absence of detergent in the peptide-lipid mixture was
confirmed by 1H solution NMR on the supernatant from ultracentrifugation. A V27F-
M2TMP sample was prepared in this way to compare with the aqueous mixed sample. The
amantadine-bound Trp41-M2TMP sample was also prepared by the detergent dialysis method,
where 10 mM amantadine was added to the DMPC vesicle solution and the dialysis buffer
solution.
 Solid-state NMR experiments
The 19F CODEX experiments were carried out on a Bruker DSX-400 spectrometer
(Karlsruhe, Germany) operating at a resonance frequency of 400.49 MHz for 1H and 376.8
MHz for 19F, using an H/F/X probe equipped with a 4mm MAS spinner module. The probe
tunes 1H and 19F frequencies on a single channel. Experiments on M2TMP were conducted at
8 kHz MAS and 233 K using air cooled by a Kinetics Thermal Systems XR Air-Jet cooler
(Stone Ridge, NY). Typical radio-frequency (rf) field strengths were 50 kHz for 19F and 1H.
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Recycle delay was 1.5 s. 1H-19F cross-polarization (CP) contact times were 200 µs. 19F
chemical shifts were externally referenced to the Teflon 19F signal at -122 ppm.
The 19F CODEX experiment uses two rotor-synchronized -pulse trains to recouple
the chemical shift anisotropy (CSA) 4. The mixing time (m) between the two trains allows
spin diffusion to occur, which changes the CSA frequency and prevents complete refocusing
of the stimulated echo. To correct for 19F spin-lattice relaxation (T1) effects during the mixing
time m, a z-filter (z) is added at the end of the second -pulse train. Two experiments were
conducted: a dephasing experiment (S) with the desired m and a short z of 10 µs, and a
reference experiment (S0) with interchanged m and z values. The normalized echo intensity,
S/S0, decays to 1/n at long mixing times for an n–spin cluster. All CODEX experiments were
conducted with two rotor periods (r) of CSA recoupling. This resulted in 2r values from
9 to 12, where  is the chemical shift anisotropy of the 19F label. These values were
sufficiently large to detect small orientational differences between different helices in the
tetramer 5.
CODEX data analysis
The CODEX magnetization exchange curves were calculated in MATLAB using an
exchange-matrix formalism 6. Four-dimensional exchange rate matrices were constructed for
the tetrameric bundle, where the rate constants are proportional to an overlap integral, F(0),
and to the square of the dipolar couplings, FF, which depend on the F-F distances. Thus all
distance contacts in the four-spin cluster, including the nearest-neighbor distances and the
diagonal distance, are included in the matrix. Our recent model compound studies yielded an
F(0) of 37 µs for aromatic 19F sites under identical MAS conditions as used here 6. Thus, we
fix this value and vary FF to find the best-fit spin diffusion curve. The best-fit curve is
evaluated by minimizing the root-mean-square-derivation (RMSD) between the calculated
intensity Isim and the experimental intensity Iexp. The inter-helical nearest-neighbor F-F
distances determining the coupling strengths were incremented at 0.1 Å steps.
Structure modeling
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M2TMP structure was modeled in Insight II (Accelrys, San Diego). The structural
model 1NYJ 1 of Cross and coworkers was used as the starting point and was modified to
satisfy the 19F CODEX data. We specify the sidechain conformations of His37 and Trp41 using
the notation of the penultimate rotamer library 20. The 1 angle is specified as t, p, or m,
corresponding to 180˚, +60˚, and –60˚, respectively. These letters are followed by the
approximate numerical value of the 2 angle. Thus, for example, the His37 and Trp41
conformations in the 1NYJ model are (t-160, t-105) 1,15.
Results
Inter-helical F-F distance at Trp41 at neutral and acidic pH
Trp41 is recognized to be an important residue in M2TMP function, and has been
proposed to act as the gate of the channel 9,13. Thus, we used 5-19F-Trp41 to measure the inter-
helical sidechain-sidechain F-F distances in this part of the peptide assembly. Fig. 8.1 shows
a representative pair of CODEX spectra of 5-19F-Trp41 M2TMP in DMPC bilayers at pH 7.5,
acquired with a mixing time of 3.0 s under 8 kHz MAS and at 233 K. Significant dephasing,
with S/S0 = 0.36, of the S spectrum is observed compared to the reference spectrum S0,
indicating the presence of multiple peptides with orientationally different 19F chemical shift
tensors in close proximity. The M2TMP helical bundle is known to be pseudo-symmetric 21,
but the symmetry is rotational rather than translational, thus the 19F chemical shift tensor
orientations differ significantly between the helices in the assembly, allowing the detection of
this CODEX effect.
The complete mixing-time dependent CODEX curve of 5-19F-Trp41 is shown in Fig.
8.2. The final normalized intensity is 0.29 ±0.05, observed at a mixing time of 4.0 s,
confirming the tetrameric state of the peptide in DMPC bilayers. Longer mixing times were
not measured because spectral intensities become prohibitively low due to 19F spin-lattice
relaxation (T1 = 3.2 s). A separate sample prepared using organic-phase mixing of the lipid
and peptide gave the same CODEX decay curve as the aqueous-mixed sample (SFig. C1.,
refer Appendix C), indicating that the aqueous-mixed sample gives structurally identical
tetramers as the organic samples. The only difference is that aqueous mixing produces more
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immobilized peptides than organic mixing 22, thus facilitating the CODEX experiment, which
requires that reorientation motion be frozen during the mixing time.
Figure 8.1. 19F CODEX spectra of [5-19F-Trp41] M2TMP in DMPC bilayers at pH 7.5. The mixing time is 3.0 s.
Data were collected at 233 K under 8 kHz MAS. (a) Reference spectrum S0 to correct for T1 relaxation effects.
(b) Dephasing spectrum S. The normalized intensity S/S0 is 0.36 ± 0.04.
The equilibrium value of 0.29 for Trp41 gives an upper bound to the fraction of
possible monomer in the sample: 10% monomer would give an equilibrium value of 0.33
(=10% x 1 + 90% x 0.25), which is distinguishable from the experimental data. Thus any
monomer component, if present, is no more than 10%, and the Trp41-M2TMP sample is
predominantly tetrameric in DMPC bilayers.
To fit the Trp41 CODEX data, we use an exchange-matrix formalism, where the
magnetization decay with time is dictated by an exponential rate matrix in which the rate
constants depend on the distance-dependent dipolar couplings and a spectral overlap integral
F(0). Using an overlap integral value of 37 µs 6, which was calibrated based on experiments
on model compounds under the same MAS conditions, we find a nearest-neighbor distance
of 11.2 ± 0.5 Å using a single symmetric 4-spin model (SFig. C2a., refer Appendix C). The
presence of the diagonal distance between non-adjacent helices is automatically taken into
account in the 4 x 4 exchange matrix. However, the single-tetramer fit does not capture well
a minor component of fast initial decay in the experimental data. Thus we simulated the data
with a double-tetramer model where the two tetramers have different side lengths. The
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fraction of each tetramer was obtained from the height of the turning point between the fast
and slow decays. Fig. 8.2 shows that a 23% component with a short nearest-neighbor F-F
distance of 6.7 Å and a 77% component with a longer distance of 11.8 ± 0.5 Å best-fit the
experimental data. The RMSD analysis is shown in Supporting information SFig. C2b (refer
Appendix C). Since the fraction of the short-distance component is low, below we analyze
only the major conformer.
Figure 8.2. Normalized 19F CODEX intensity of 5-19F-Trp41 M2TMP in DMPC bilayers at pH 7.5. Error bars
were propagated from the spectral sensitivity. In the CODEX simulation, an overlap integral F(0) of 37 µs was
used. Bimodal fitting using a 23% component of a 6.7 Å distance and 77% of an 11.8 Å distance best fits the
double exponential decay of the experimental intensities.
The intermolecular sidechain-sidechain 19F-19F distances between 5-19F-Trp41 residues
depend on the orientation of the helices, the pore diameter, and the sidechain conformation of
Trp41. The tilt angle of M2TMP in DMPC bilayers have been determined to be 35˚±3˚ by 
15N
NMR 21. The rotation angle is also known with high precision. Thus, the peptide orientation
is fixed. The pore diameter, indicated by the diagonal C-C backbone-backbone distance at
the central residue Gly34, has not been experimentally determined. However, statistical
analysis of four-helix-bundle proteins indicates that tetrameric pores have remarkably
consistent diameters of 10.0 -10.5 Å 23. For M2TMP, various models derived from
experimental data 12 and converged MD simulations 24,25 also put the pore diameter to 10.0 -
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10.5 Å. This small variability likely reflects the requirement of tetramer stability. With this
consideration, we used the NMR-derived 1NYJ structure as the starting point of our
modeling since it has both the correct orientation and a suitable pore diameter of 10.2 Å for
the Gly34 C-C diagonal distance.
Figure 8.3. Nearest-neighbor intermolecular 19F-19F distance between 5-19F-Trp41 as a function of torsion angles
1 and 2. (a) Definition of the 1 and 2 torsion angles. (b) Contour plot of the nearest-neighbor F-F distance as
a function of (1, 2). Circles: rotameric states of Trp residue in -helical proteins 20. Open circles: rotamers that
are ruled out based on the measured F-F distance. Filled circles: rotameric states allowed by the measured F-F
distance. Shaded region: the experimentally measured F-F distance including experimental uncertainty.
These considerations leave the Trp41 sidechain conformation as the main parameter
influencing the inter-helical sidechain-sidechain 19F-19F distance. Indeed, the 1 and  2
angles, defined in Fig. 8.3a, change the F-F distance dramatically from 2 Å to 14 Å (Fig.
8.3b). The (1, 2) combinations that give a nearest-neighbor F-F distance of 11-12 Å are
highlighted as gray areas in Fig. 8.3b. The seven rotamers of Trp populated in -helical
proteins are superimposed as circles in this distance plot 20,26. As can be seen, only two out of
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seven rotamers, t90 and p-90, agree with the experimental data (solid circles), thus
constraining the conformation of Trp41 in the closed state to one of these two possibilities.
Even when the variability of pore diameter is taken into account, the F-F distance cannot
change by more than ±0.5 Å, which is already included in the experimental uncertainty.
To determine whether low pH corresponding to the open state of the channel changes
the sidechain conformation of Trp41, we measured the 
19F CODEX curve of 5-19F-Trp41
labeled M2TMP in DMPC bilayers at pH 4.5. Fig. 8.4a shows that the low pH data (solid
circles) overlaps with the pH 7.5 data (open squares) within experimental uncertainty. The
best-fit distance using a single tetramer model is 10.8 ± 1.0 Å (solid line) based on RMSD
analysis (S Fig. 3., refer Appendix C). Although the best-fit distance is 0.4 Å shorter than the
single-tetramer fit for the neutral pH data, the distance error bar and the CODEX intensity
error bars both overlap with those of the pH 7.5 data, therefore within experimental
uncertainty there is no detectable difference in the Trp41 F-F distances between the neutral
and low pH states.
To assess the effect of the antiviral drug amantadine on the Trp41 sidechain
conformation, we also measured the 19F CODEX intensities of amantadine-bound M2TMP in
DMPC bilayers at pH 7.5. Amantadine binding at neutral pH is known to prevent proton
conductance and channel opening 9,27. The CODEX curve of the amantadine-bound Trp41
sample is shown in Fig. 8.4b. The data is best fit with a distance of 11.5 Å using a single-
tetramer model. This is again similar to the 11.2 Å distance of the amantadine-free peptide
within experimental uncertainty. The lack of distance change is consistent with the fact that
the amantadine binding site is known to be at the N-terminus of the channel 28, whereas Trp41
lies at the C-terminus, on the opposite side of Gly34, which is the narrowest point of the
tetramer. Thus amantadine binding is not expected to affect the local sidechain conformation
of Trp41 but at most only indirectly affects the interhelical distances through small changes in
the helix tilt angle. Moreover, since the amantadine-bound membrane sample is prepared
with the detergent dialysis method, the similar distance with the aqueous-mixed samples
further indicates the independence of the tetramer structure on the sample preparation
protocol.
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Figure 8.4. 19F CODEX data of 5-19F-Trp41 M2TMP in DMPC bilayers (a) at pH 4.5 (solid circles) and (b) with
amantadine bound (solid circles). In both plots the data of the amantadine-free sample at pH 7.5 is shown as
open squares for comparison. The S0 and S spectra at a mixing time of 3.0 s are shown in the insets. (a) The best
fit of the pH 4.5 data using a single tetramer model gives a nearest-neighbor F-F distance of 10.8 Å (solid line).
This is the same as the pH 7.5 result (dashed line) within experimental uncertainty. (b) The best-fit of the
amantadine-bound data using a single tetramer model gives a nearest-neighbor F-F distance of 11.5 Å (solid
line). This is the same as the amantadine-free data (dashed line) within experimental uncertainty.
Inter-helical F-F distances at V27F and L38F at neutral pH
To investigate the intermolecular packing of the M2TMP helical bundle at other
residues, we mutated V27 and L38 to 4-19F-Phe and measured their CODEX curves. These
positions were chosen based on previous AUC data showing that the helical bundle stability
is not significantly altered by mutation to Phe. V27 is located at the a position of the heptad
repeat and faces the pore lumen, thus is expected to have a short inter-helical distance. In
comparison, L38 lies at the e position of the heptad repeat and is expected to point to the
lipid-peptide interface. The L38F mutant is also found in nature in the Weybridge strain of
154
influenza A virus: this proton channel has amantadine sensitivity 27 similar to the Udorn
strain studied in the rest of this paper. Thus, the L38F mutation is expected to be particularly
non-perturbing to the tetramer structure.
Figure 8.5. 19F CODEX data of V27F- and L38F-M2TMP in DMPC bilayers at pH 7.5. (a) 4-19F-Phe labeled
V27F-M2TMP. The best fit using a dimer-tetramer mixture (solid line) gives a distance of 10.5 Å and 5.3 Å
(nearest-neighbor distance) for the dimer and tetramer at a weight ratio 52:48. Best fit using a tetramer-
tetramer mixture (dashed line) gives distances of 12.3 Å and 5.3 Å at a ratio of 52:48. (b) 4-19F-Phe labeled
L38F-M2TMP (filled circles). The best fit gives two tetramers with side lengths of 13.1 Å and 7.7 Å at a ratio
of 58:42. The V27F data is reproduced in (b) for comparison. Data were obtained at 233 K under 8 kHz MAS.
Representative of S0 and S spectra are shown in the insets.
Fig. 8.5 shows the CODEX data of V27F-M2TMP and L38F-M2TMP in DMPC
bilayers at pH 7.5. The V27F curve decays quickly in the first 500 ms, then appears to
plateau to ~0.40 by 2.0 s. The same decay trend is reproduced in a detergent-dialysis sample
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(S Fig. 1., refer Appendix C). In comparison, the L38F intensity decays more slowly and at
the longest mixing time used (3.0 s) the intensity continues to decrease. The different decay
rates between the initial and final parts of the V27F data suggest a distribution of distances.
We first used a model of two tetramers with different distances to fit the V27F data. Fig. 8.5a
shows that a mixture of 52% of a tetramer with a side length of 12.3 Å and 48% of a tetramer
with a side length of 5.3 Å fits the data well (Fig. 8.5a, dashed line). Since the pore diameter
is unlikely to change by more than 1 Å, the very different distances would mean that Phe27
adopts different 1 angles, with –100˚ and –160˚ for the long and short distances, respectively
(S Fig. 6a., refer Appendix C).
However, the relatively high final value of ~0.4 and the apparent plateau at long
mixing times suggests an alternative interpretation where the V27F mutant forms a mixture
of dimers and tetramers in DMPC bilayers. Thus we simulated the CODEX data using
varying fractions of dimers and tetramers. A model where 52% of the peptide is in a dimer
state with an intermolecular distance of 10.5 Å and 48% of the peptide is in a tetramer state
with a nearest-neighbor inter-helical distance of 5.3 Å captures the experimental data best
(Fig. 8.5a, solid line).
The RMSD plot for the simulation is shown in Supporting information SFig. C4a
(refer Appendix C). Increasing the dimer fraction to as much as 70% still gave acceptable fits
while using less than 50% dimer fraction disagrees with the data (SFig. C5., refer Appendix
C). This suggests that V27F-M2TMP may be at least half populated as dimers while the rest
are well-defined tight tetramers. The tetramer distance of 5.3 Å would be satisfied by the t80
conformer, which is the most populated rotamer of Phe in -helices 20,26 (SFig. C6a., refer
Appendix C).
The L38F CODEX curve shows a clearer decay trend through the 3.0s mixing time,
suggesting that the data can be fit straightforwardly with tetramers only. But similar to the
V27F sample, a single distance does not fit the data well, but two distances of 13.1 Å (58%)
and 7.7 Å (42%) for the tetramer side lengths give excellent fit to the data (Fig. 8.5b, with the
RMSD plot in SFig. C4b., refer Appendix C). Weight fractions differing by more than 15%
from the best-fit fractions can be ruled out on physical grounds (SFig. C5c., refer Appendix
C). The longer distance of 13.1 Å translates to a Phe38 rotamer of t80 (58%) 
20,26, whereas the
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shorter distance indicates a 1 angle of about -130˚ (42%) (SFig. C6., refer Appendix C). The
latter rotamer, although non-canonical, is still found in Phe residues in proteins 26.
Discussion
Trp41 sidechain conformation
Inter-helical F-F distances between 5-19F-Trp41 labeled M2TMP have been measured
in three states: the neutral pH, the low pH, and the amantadine-bound neutral pH states. All
three samples exhibit nearest-neighbor distances between 10.8 Å and 11.8 Å, with
uncertainties of ± 0.5 Å to ± 1.0 Å. We first consider the neutral pH amantadine-free state.
The 11.8±1.0 Å distance obtained for the major conformer is a strong constraint of the Trp
sidechain conformation. The existing model (1NYJ) put the Trp41 rotamer as t-105, based on
a measured His37 N – Trp41 C distance of < 3.9 Å 1. However, this would give rise to a F-F
distance of 5.1 Å (Fig. 8.3b and Fig. 8.6b), in clear disagreement with the current 19F data.
Instead, the measured F-F distance restrains the Trp41 conformation to either t90 (1 180˚,
2 90˚) or p-90 (1+60˚, 2 -90˚) (solid circles in Fig. 8.3b). The 1=60˚ (p) rotamer
causes steric conflicts between the indole ring and the C of residue Leu38 and thus is rarely
populated in -helices (2%) 20,26. In contrast, the t90 rotamer is one of the most populated
rotamers of Trp in -helices 20,26. Thus, we propose the t90 rotamer for Trp41.
The t90 rotamer of Trp41 for both the closed and open states is in excellent agreement
with a number of observations from the UV resonance Raman spectra of Takeuchi and
coworkers 14. First, the wavenumber of the W3 peak in the Raman spectra predicted a 2
angle of around 100˚, in agreement with the current result. Second, the W7 peak intensity,
which reflects the environmental hydrophobicity of the indole ring, and the W3 wavenumber,
a marker of the absolute value of 2, both showed little change between the open and closed
states, suggesting that Trp41 sidechain conformation is similar between the open and closed
states. This is consistent with the observed lack of change in the F-F distance between high
and low pH (Fig. 8.4). Therefore, even though the importance of Trp41 in proton conductance
is unambiguous, the detail of Trp’s role in gating is more subtle and does not appear to
involve the large conformational change hypothesized by Tang et al 13.
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Figure 8.6. 19F-NMR restrained conformation of Trp41 and His37 in M2TMP in DMPC bilayers. Top row: His37
(blue) in the top view of the channel from the C-terminus to the N-terminus. Middle row: Trp41 (green) and the
F-F distance (orange). Bottom row: side view of the channel showing both Trp41 and His37 and the C-N
distance between them. The (His37, Trp41) sidechain conformation is: (a) (t60, t90), (b) (t-160, t-105), and (c) (t-
160, t90). Structure (a) disagrees with the C-N distance data 1 due to unfavorable orientation of the C-N vector,
whereas structure (b) disagrees with the F-F distance data. Only structure (c) satisfies both constraints.
Implications of the Trp41 conformation to His37 conformation
Fixing the Trp41 conformation to t90 and varying the His37 conformation, we find two
His37 rotamers, t60 and t-160, that give a His37 N  – Trp41 C  distance within the
experimental range of < 3.9 Å measured by Cross and coworkers. However, the t60 rotamer
of His37 in combination with a Trp41 t90 rotamer gives an N-C bond orientation close to the
magic angle relative to the helical bundle axis (Fig. 8.6a), thus the fast uniaxial rotation of
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the tetrameric helical bundle 22 would significantly average the N-C dipolar coupling to
much less than the experimental value of 63±12 Hz 1. In contrast, the t-160 conformation of
His37 in combination with the Trp41 t90 rotamer gives an N-C vector that is roughly parallel
to the bundle axis (Fig. 8.6c), thus is consistent with the measured motionally averaged C-N
dipolar coupling. Thus, we propose the (t–160, 90) conformation for (His37, Trp41) (Fig. 8.6c).
Wu and Voth carried out a MD simulation that examined the N-C distances in four
possible (His37, Trp41) adducts and proposed the (t60, t90) rotamer pair 
15. The t90 rotamer for
Trp41 agrees with the current 
19F distance data, however the t60 rotamer for His37 is suspect.
The MD simulations used a helical tilt angle of 30˚, which is significantly lower than the
experimental value, and the His37 2 angle that reproduced the N-C distance constraint in
the simulation is 110˚, which is 50º away from the ideal value of 60˚. When the 15N-NMR
extracted tilt angle of 38˚ is used and the His 1 and 2 angles are kept within 20º of the ideal
values, we find the t60 rotamer of His37 to no longer give a suitable N-C dipolar coupling
of 63 ± 12 Hz.
The (t-160, t90) rotamer pair we propose was previously overlooked by Cross and
coworkers for steric reasons. However, within ±20˚ of the ideal torsion angle values, the two
residues in this rotamer combination maintain a minimum separation of 3.3 Å between the
imidazole ring and indole ring while still satisfying the F-F and C-N distance constraints
(Fig. 8.6c). Thus, steric conflict is not a problem for this rotamer pair.
To prove beyond doubt the sidechain conformation of His37, rigid-limit dipolar
couplings in the absence of complicating motions need to be measured. The previous C-N
distance measurement was conducted at 38˚C, well into the liquid-crystalline phase of the
DMPC bilayer. At this temperature, the His37 N position is influenced by (1, 2) torsional
motions in addition to the uniaxial whole-body rotation of the helical bundle. These multiple
degrees of freedom average the dipolar coupling in a complicated fashion and cannot be
adequately taken into account in the distance extraction. The mobility of the peptide in the
liquid-crystalline phase does not, however, affect the helix orientation measurement on glass-
plate samples, since these samples used backbone 15N-labeled peptides, whose uniaxial
rotation around the bilayer normal or the magnetic field is invisible in the spectra 21.
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The implication of the Trp41 conformation to the gating mechanism
How do the Trp41 sidechain conformation and the proposed (His37, Trp41) rotamer pair
explain the observed proton blockage in the closed state and proton conduction in the open
state, given the fact the Trp41 5-
19F inter-helical distance remains largely unchanged at ~11 Å
between neutral and acidic pH? We propose two models. In the first model, the (t-160, t90)
rotamer pair places the His37 imidazole rings close to the Trp41 indole rings (Fig. 8.6c). Thus
when pHin is low and pHout is high, the C-terminal indole rings prevent the intracellular
protons from protonating His. The His rings occlude the pore, either by formation of
imidazole-imidazolium dimers 29 or sterically. When pHout is low and pHin is high, the
extracellular protons from the N-terminus are able to protonate all four imidazole rings.
Figure 8.7. Proposed conformation of W41F mutant of M2TMP and the His37 contact with Phe41. Only
the neutral pHout state is considered. Top row: top view of M2TMP from the C-terminus to the N-terminus.
Bottom row: side view. His37 is in the t-160 state and Phe41 is in the most populated t80 state. The two rings are
further  away from each other than in Fig. 8.6c.
This either results in electrostatic repulsion that opens the constriction at His37, or
causes the excess proton on the imidazolium ion to be relayed as His returns to its neutral
state 9,29. When Trp41 is mutated to Phe, the phenylene ring, in its most populated rotamer of
t80, is further away from the imidazoles (Fig. 8.7), thus allowing protons to protonate His37
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from either direction, causing a leaky channel 13. Thus, in this model, close proximity and
interaction between Trp41 and His37 combined with the constriction at His37 gate the channel.
Figure 8.8. Two Trp41 t90 conformations that satisfy the 
19F CODEX distance constraint while changing the
pore constriction. (a) 1=-157˚ and 2=110˚. The pore constriction, indicated by the shortest diagonal proton-
proton van der Waals distance, is 2.2 Å, and the F-F nearest-neighbor inter-helical distance is 11.4 Å. (b) 1=-
177˚ and 2=80˚. The pore constriction is 4.8 Å while the F-F nearest-neighbor interhelical distance is 10.7 Å.
Examination of the pore constrictions at Trp41 and His37 raises a second possibility for
channel gating. At the t90 Trp41, the shortest diagonal distance between protons of the indole
rings is 2.2 – 6.5 Å, after taking into account the hydrogen atom van der Waals radius of 1.2
Å. This significant distance variation reflects 1 and 2 uncertainties of ±20˚ that still satisfy
the measured F-F distance. Varying the backbone tilt angle within the 15N NMR experimental
uncertainty does not affect this Trp41 constriction. Thus, it is possible that under high pHout
and low pHin, the Trp41 t90 conformation is such that the pore constriction is at its lower limit
of 2.2 Å, which is sufficient to block protons, whereas under low pHout, protonation of the
His37 imidazole ring may change the Trp41 conformation slightly through cation-
interactions 30,31 so that the Trp41 constriction opens up to 4–7 Å, allowing protons to pass.
The lower-bound constriction may be achieved by Trp41 (1, 2)  (-157˚, 110˚) (Fig. 8.8a),
whereas the larger constrictions may be achieved by (1, 2) = (163˚, 80˚-90˚) or (1, 2) = (-
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177˚, 70˚-90˚) (Fig. 8.8b). Further experiments would be required to ascertain if this
conformational change model is correct.
Tetramer stability and conformational heterogeneity in V27F- and L38F-M2TMP
Unlike the Trp41 
19F CODEX data, which conclusively shows a tetrameric state, the
V27F and L38F CODEX intensities both decay to intermediate values of ~0.4 within the
mixing times allowed by the 19F T1 relaxation time. The L38F data show a clearer decaying
trend whereas the V27F intensities appear to have plateaued by 2.0 s. Nevertheless, the V27F
data can be fit either to a tetramer-tetramer mixture with different side lengths or a dimer-
tetramer mixture. However, the tetramer-tetramer fit would require Phe27 to adopt 1 angles
differing by 60˚. Since residue 27 lies at the a position of the heptad repeat and is known to
face the pore lumen 12, we believe this significant sidechain conformation heterogeneity is
unlikely. Instead, the V27F mutant may destabilize the helical bundle to partially form
dimers or a dimer of dimers that makes up a loose tetramer. In the latter case, the outer dimer
may have a 19F-19F distance larger than ~15 Å that cannot be detected in the CODEX
experiment. This hypothesis would be consistent with the AUC data 11 showing that the
Gibbs free energy of tetramer formation of the V27F mutant is 0.7 kcal/mol higher or less
stable than that of the wild-type M2TMP in DPC micelles 11. The fact that a significant
fraction of dimers (50-70%) is observed in lipid bilayers despite the small Gibbs free energy
difference may be partly due to intrinsic environmental differences between DPC micelles
and lipid bilayers.
In comparison, the CODEX data of the L38F mutant, which is naturally present in the
Weybridge virus, is better fit to a tetramer-tetramer mixture. This oligomeric mixture and
distance heterogeneity are reasonable because residue 38, unlike residues 27 and 41, faces
the lipid molecules 32, whose thermal disorder can readily affect the sidechain conformation
of Phe38. Moreover, residue 38 is close to the center of the helix, thus the phenylene ring lies
at a depth near the middle of the bilayer, where the lipid chain disorder is maximal. Thus, a
distribution of the Phe 1 angle is reasonable. Modeling shows that the F-F distances of 13.1
Å (58%) and 7.7 Å (42%) are achieved using 1 angles of 180˚and –130˚, respectively (SFig.
C6b., refer Appendix C). The former is the most populated rotamer of Phe in -helices while
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the latter is less populated but still found in protein structures at non-negligible percentages
26.
Compared to L38F, the Trp41 sidechain resides largely in the pore lumen except for
the end of the six-membered ring (Fig. 8.6c), which points close to the helical interface 12,
thus it is less subject to lipid-induced thermal motion. Trp41 is also near the C-terminus of the
peptide and thus should be embedded at the membrane-water interface, where the lipid is the
most rigid. Thus, conformational heterogeneity should be much reduced at Trp41, as observed
by the much lower fraction of a second component (23%) in the best-fit simulation.
To conclusively determine the oligomeric states and fractions of mixtures, additional
experiments such as the four-time CODEX experiment are desirable 5. The main challenge
will be to increase the sensitivity of such experiments to make them applicable to membrane-
bound peptides and proteins.
The tetramer stability of M2TMP depends not only on the amino acid sequence and
site-specific mutations, but also on the membrane environment. DeGrado and coworkers
have shown that increasing the lipid chain length, adding cholesterol and amantadine
increase the tetramer stability 16. The presently observed conformational heterogeneity for the
V27F and L38F mutants thus may very well change in different membranes. However, this
does not change the conclusion that the L38F mutant is relatively stable compared to the
V27F mutant in the same membrane.
Conclusion
Inter-helical sidechain 19F-19F distances have been measured for 5-19F-Trp41, 4-
19F-
V27F, and 4-19F-L38F positions of M2TMP bound to DMPC bilayers under various
conditions. At neutral and acidic pH, the peptide shows the same nearest-neighbor distance
of ~ 11 Å at Trp41, which is unchanged upon amantadine binding. This distance constrains
the Trp41 rotamer to t90, and no significant conformational change occurs between the closed
and open states. Combined with a previously measured 15N-13C distance between His37 and
Trp41, this suggests that the His37 rotamer is t-160 at neutral pH. Gating of the proton channel
may be explained either by a cooperative interaction between His37 and Trp41 that changes the
protonation state of the His rings, thus closing or opening the constriction at His37, or by a
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subtle conformational change of Trp41 that changes the pore constriction without affecting the
19F-19F distance.
The inter-helical 19F-19F distances at V27F and L38F are heterogeneous. The V27F
mutant data is attributed to a mixture of dimers and tetramers due to the known
destabilization of the helical bundle by mutation at this pore-facing site, whereas the data of
the naturally occurring L38F mutant is best explained by sidechain conformational
heterogeneity of this lipid-facing residue.
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Supporting information: A comparison of the 19F CODEX curves of M2TMP samples
prepared using different procedures, model-dependent fitting and RMSD analyses of the
Trp41 
19F CODEX curves at neutral and low pH, RMSD analyses of the 19F CODEX fitting of
V27F and L38F mutants, and the distance-1 angle plot for V27F and L38F mutants are
shown in Appendix C.
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31P (ppm) 2H (kHz)
33%
45%
SFig. A1. 31P (left) and 2H (right) spectra of POPC/cholesterol/PG-1 membranes containing
(a) 33 mol% cholesterol (lipid : cholesterol : peptide molar ratios = 12.5 : 6.25 : 1) and (b) 45
mol% cholesterol (lipid : cholesterol : peptide molar ratios = 12.5 : 10 : 1). An isotropic peak
remains in (a), indicating that 33 mol% cholesterol is insufficient to protect the bilayer from
PG-1 disruption.
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SFig. A2. Effects of (a) interfacial diffusion coefficient DI and (b) peptide-lipid distance on
the 1H spin diffusion buildup. In all simulations, DP = 0.3 nm
2/ms and DL = 0.012 nm
2/ms. (a)
The peptide-lipid distance is fixed at 2 Å. DI values are varied as: 0.0125 nm
2/ms (black solid
line), 0.0025 nm2/ms (blue line), 0.00125 nm2/ms (green line), 0.00025 nm2/ms (magenta
line), 0.000125 nm2/ms (red line). The slopes of the buildup curves decrease with decreasing
DI. (b) DI is fixed at 0.00125 nm
2/ms, but the peptide-lipid distances are varied: 2 Å (black
line), 6 Å (blue line), 10 Å (green line), 16 Å (magenta line), and 20 Å (red line). The onset
of intensity buildup is delayed with increasing distance. For comparison, the simulations in
(b) are reproduced as black dashed line in (a).
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SFig. A3. Antimicrobial activities of native PG-1 and Phg12-PG-1 (FG12) using radial
diffusion assays. The peptides were tested against E. coli ML-35p (a, b) and S. aureus
ATCC12598 (c, d) under low salt conditions (a, c) in a 10 mM sodium phosphate buffer, and
under high salt conditions with 100 mM NaCl in the buffer (b, d). The total diameters of
colony-free clear zones were measured and antimicrobial activities were expressed in units as
previously described (1). The intersection of the regression line and the X-axis defines the
minimal effective concentration (MEC) of the peptides. FG12 and wild type PG-1 have
virtually identical activities (MEC < 0.2 µg/ml) against E. coli under both low salt and high
salt conditions. They are also equally active against S. aureus (MEC = 0.8-1.0 µg/ml) in low
salt conditions. When the S. aureus gel contained 100 mM NaCl, the FG12 mutant has an
MEC of ~7.5 µg/ml while PG-1 has an MEC of ~2.5 µg/ml.
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SFig. A4. 13C CP-MAS spectra of PG-1 in anionic POPE/POPG membrane (a, b) and neutral
POPC/cholesterol membrane (c, d) with and without the 1H T2 relaxation filter. In all cases,
no 1H spin diffusion mixing time was used, thus if the peptide 1H polarization is suppressed
by the T2 filter, the cross-polarized peptide 
13C signals should also disappear. A short CP
contact time of 50 µs was applied to report site-specific 1H T2 times. In (a, c), no T2 filter was
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applied. In (b, d), a 1H T2 filter of 2 ms was applied. Note the complete disappearance of the
peptide 13C signals, Leu5 C and Val16 CO, due to the T2 filter. The lipid 13C signals remain.
To assess whether the 1H polarization of mobile sidechains in membrane proteins can
survive the 2 ms 1H T2 filter, we measured the 
13C spectra of membrane-bound 1, 6-glucose
13C-labeled colicin Ia channel domain without (e) and with (f) a 1H T2 filter. The 1, 6-glucose
labeling scheme labels a large number of sidechain carbons such as Leu C, Val C, Ala C,
and Phe C (e) (2), thus providing detectable probes of the sidechain 1H T2. After a 2 ms 1H
T2 filter, only the lipid CH2 signal is left, while all protein carbon signals are suppressed (f).
Thus, both the protein backbone and sidechain protons have 1H T2 relaxation times much
shorter than 2 ms. PG-1 bound to membranes with palmitoyloleyol chains is similarly
immobilized as colicin Ia channel domain (3), thus the colicin 1H T2 values are indicative of
the PG-1 case.
Reference
1. Lehrer, R. I., Rosenman, M., Harwig, S. S., Jackson, R. & Eisenhauer, P. (1991) J.
Immunol. Methods 137, 167-173.
2. Luo, W., Yao, X. L. & Hong, M. (2005) J. Am. Chem. Soc. 127, 6402-6408.
3. Buffy, J. J., Waring, A. J., Lehrer, R. I. & Hong, M. (2003) Biochemistry 42, 13725-
13734.
171
171
Appendix B
Supporting Information for Chapter 7
SFigure B1. 13C spectra of (L5, A6, F7) Ala-PG1 in POPE/POPG membranes. (a) 1D 13C DP
spectrum showing mostly random coil signals (with a superscript c). (b) 1D 13C CP spectrum
showing both the random coil and -sheet (with a superscript s) signals. (c, d) 2D CTUC-
COSY spectra obtained by DP (c) and CP (d). The total J-coupling mixing time was 11.2 ms
for (c) and 8.8 ms for (d).
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SFigure B2. 13C spectra of (A15, V16) Ala-PG1. (a) 1D 13C CP spectrum in POPE/POPG
membranes. (b) Double-quantum-filtered 13C CP spectrum in POPE/POPG membranes
showing only the peptide signals. (c) 1D 13C DP spectrum in POPE/POPG membranes
showing mainly the random coil signals. (d) 2D CTUC-COSY spectra of (A15, V16) Ala-
PG1 in POPC/cholesterol membranes. The 13C magnetization was prepared by DP and a 10.8
ms J-coupling mixing time was used.
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SFigure C1. Comparison of 19F CODEX curves for different sample preparation conditions. (a)
5-19F-Trp41 labeled M2TMP. The aqueous-phase sample data is shown as open circles and the
organic-phase sample data is shown as filled circles. (b) V27F-M2TMP. The aqueous sample
data is shown as open circles, while the dialysis sample data is shown as filled circles. No
significant differences are observed between the different preparation methods.
SFigure C2. Simulation of the Trp41 
19F CODEX data at pH 7.5 using two different models. (a)
Simulation using a single-tetramer model. The best-fit interhelical F-F distance is 11.2±0.5 Å.
(b) RMSD between the experiment and simulations as a function of the nearest-neighbor
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distances using a double-tetramer model. The minor and major fractions of the two tetramers are
23% and 77%. The distances giving the minimum RMSD are 11.8 Å for the major component
and 6.7 Å for the minor component. Other weight fractions give worse fits.
SFigure C3. Simulation of the Trp41 
19F CODEX data at pH 4.5 using a single tetramer model.
(a) The best-fit curve gives a distance of 10.8 Å. Simulated curves for 9.8 Å and 11.8 Å (dashed
lines) show the distance uncertainty. (b) RMSD between the simulation and the experiment as a
function of the nearest-neighbor F-F distance. The lowest RMSD value is found at 10.8 Å.
SFigure C4. 2D RMSD plots as a function of F-F distances for V27F-M2TMP and L38F-
M2TMP. (a) RMSD plot for V27F-M2TMP. A dimer : tetramer mixture with a weight ratio of
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52% : 48% is used in the calculation. The lowest RMSD is obtained with a tetramer distance of
5.3 Å and a dimer distance of 10.5 Å. (b) RMSD plot for L38F-M2TMP. A tetramer I : tetramer
II mixture at 58%:42% fractions is used in the calculation. The lowest RMSD value is obtained
with a tetramer I distance of 13.1 Å and a tetramer II distance of 7.7 Å.
SFigure C5. Fitting of the 19F CODEX data of V27F-M2TMP and L38F-M2TMP using different
fractions of mixtures. (a) Fitting of the V27F data using a dimer : tetramer model at a ratio of
30:70 gives best-fit distances of 17.1 Å and 7.0 Å. The fit disagrees with the data. (b) Fitting of
the V27F data using a dimer : tetramer ratio of 80% : 20% gives best-fit distances of 5.2 Å and
10.4 Å, respectively. The fit deviates from the data at long mixing times. (c) Fitting of the L38F
data using a tetramer : tetramer ratio of 75% : 25% gives best-fit distances of 12.1 Å and 1.0 Å.
While the fitting is acceptable, the latter distance is unphysical and thus can be ruled out.
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SFigure C6. Nearest-neighbor inter-helical F-F distance as a function of Phe 1 angle. (a) V27F-
M2TMP. The measured F-F distance for the tetramer is 5.3 Å. This is satisfied by a 1 angle near
the trans conformation. The other solution of ~120˚ is not a canonical rotamer. (b) L38F-
M2TMP. The measured F-F distance in the majority tetramer is 13.1 Å. This corresponds to a 1
angle of 180˚ (the +60˚ rotamer causes steric conflict with the -helical backbone). The minor
component has a F-F distance of 7.7 Å, which indicates a 1 angle of –130˚.
